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ABSTRACT 
REGULATION OF ARF16-2 BY microRNA160 DURING SOYBEAN ROOT 
NODULE DEVELOPMENT 
SPENCER SCHREIER 
2017 
Soybean is an excellent candidate for sustainable agriculture due to its production of 
nutritious, versatile beans and the ability to form symbiotic organs called root nodules 
that perform nitrogen fixation. As demand for both yield and sustainable agriculture 
continue to increase, root nodules offer an attractive alternative to expensive and 
environmentally harmful nitrogen fertilizers. Understanding root nodule formation may 
open genetic engineering avenues for optimizing nitrogen fixation performance and 
transferring the nodule-formation ability to other plants. A major determinant of nodule 
numbers and quality in soybean is microRNA 160 (miR160), which dictates 
developmental stage-specific auxin sensitivity by targeting repressor auxin response 
factor (ARF) transcription factors during nodule development. However, the specific 
downstream targets of the miR160-ARF signaling module remain unknown. This project 
seeks to resolve these targets by evaluating the cellular, spatiotemporal, and DNA-
binding activity of ARF16-2 (a key target of miR160 in soybean nodules), by confocal 
microscopy, DamID-Seq, and protein-DNA interaction studies. ARF16-2promoter:GUS 
or tdT transcriptional fusions revealed that ARF16-2 is transcriptionally active in dividing 
and differentiating tissues such as primary root tips, lateral root primordium, and 
emerging nodules. In addition, ARF16-2 promoter:GUS or tdT fusions show that this 
gene is active in the parenchyma and root stele of mature nodules. Interestingly, ARF16-
2 promoter:16-2 CDS:tdT translational fusions show a reduction of tdT signal in mature 
xvi 
 
nodule tissues, underscoring post-transcriptional regulation of ARF16-2, likely by 
miR160 during nodule maturation. Compared to known activator ARFs, ARF16-2 does 
not appear to bind the conserved AuxRE TGTCTC motif with the same affinity as 
activator ARFs, suggesting alternative binding sites or functionality. In addition, ARF16-
2 appears to function as a monomer compared to the activator ARFs that appear to act as 
dimers. We hypothesize that ARF16-2 might form heterodimers with activator ARFs to 
reduce transactivation of target genes. When the genomic binding profile of ARF16-2 is 
identified and evaluated, we expect to identify key downstream genes affected by its 
activity during nodule development. A protein-DNA binding assay that can be performed 
using a simple UV trans-illuminator developed as part of this research could be 
accessible for teaching labs to demonstrate specificity of bio-molecular interactions. 
 
  
  
1 
1. INTRODUCTION 
1.1 Biological nitrogen fixation  
Over the past century, agricultural advancements have bolstered and streamlined farm 
yields and productivity. Mechanization, crop breeding advancements, and increased 
availability of chemical inputs are all major advancements that have generated a steady 
increase in farm productivity over the past 50 years (Dimitri, 2005). Chemical fertilizers 
have been very attainable in developed nations, and are one of the heavily used inputs for 
promoting crop yields, particularly to supplement nitrogen nutrient needs. Most of the 
Earth’s nitrogen resides as an inert, organically inaccessible gaseous dinitrogen molecule. 
With the oncoming of the Haber-Bosch process, mankind could chemically fix gaseous 
nitrogen to produce nitrogen fertilizers. This technology combined with crop varieties 
that can respond well to fertilizers led to increased yields, supporting an otherwise-
impossible population growth (Erisman, 2008; Smil, 1999). As a result, from 1961 to 
2014, the world consumption of nitrogenous fertilizers has increased from 11.6M tons to 
108.9M tons and trends are suggestive of further increase (F.A.O, 2017). Indeed, in 
anticipation of rising human population, there was substantial pressure sponsored by the 
2009 World Summit on Food Security to increase agricultural output by 70% from now 
until 2050 (U. N. F.A.O, 2009) and chemical inputs may continue to be the driving force 
in making such a population increase possible. However, while the accessibility of 
nitrogenous fertilizers has made a dramatic advance for humanity, it is not without 
consequence. Key concerns are the environmental harm and doubts about the long-term 
sustainability of nitrogenous fertilizers. The efficiency of these fertilizers with respect to 
input is extremely poor, resulting in almost half of the intended nitrogen input being lost 
2 
to the environment (Houlton et al., 2013). Several studies have demonstrated that excess 
nitrogen runoff generates an economic pitfall and the dispersion of these fertilizers into 
major waterways contribute to drastic ecological harm (Carpenter et al., 1998; Doney, 
2010; Howarth, 2002; Vitousek et al., 1997). In addition, the production of nitrogen 
fertilizers is an energetically expensive process that also generates pollution in the form 
of greenhouse gases (Galloway et al., 2004; Jones, 2017). Thus, it is unlikely that 
nitrogen fertilizers can be relied on as a sustainable answer to the growing food demand.  
Fortunately, nature may already have a potential solution established. Nitrogen is a 
fundamental component of any organism’s viability, contributing to the structure and 
utility of DNA, enzymes, and other critical components that ensure cellular function 
(Peter Raven, 2011). A select group of prokaryotic organisms can transform gaseous 
dinitrogen to a form that is usable by plants through a process named biological nitrogen 
fixation (Bernhard, 2012). Some members of the diazotrophic bacterial community also 
form symbiotic relationships with leguminous plants to provide their host with an 
exclusive nitrogen source in exchange for fixed carbon (Figure 1, (William G. Hopkins, 
2009)). As reviewed by Mus et al., there is significant variation and different levels of 
sophistication in the relationships plants and microbes establish for nutrient exchange 
(Mus et al., 2016). One of the most intricate and effective relationships is the inclusion of 
the nitrogen-fixing bacteria within specialized secondary root organs called root nodules. 
Within the nodule, the nitrogen-fixing symbiotic bacteria (collectively called rhizobia) 
convert N2 to NH3, which is exported to the plant cells and converted to NH4+ for 
assimilation in to amino acids or ureides (Biswas, 2014). In exchange, the plant delivers 
photosynthates (typically in the form of malate) for the rhizobia’s nourishment. 
3 
Symbiotic root nodules’ provision of an exclusive nitrogen source that poses no 
ecological harm and no need for energetic or monetary investment is an exciting solution 
to sustainably provide a key nutrient to crop plants (Tikhonovich, 2011). However, 
symbiotic root nodules are almost entirely exclusive to leguminous plants and the native 
nitrogen fixation capacity of the rhizobia may not be able to satisfy the nitrogen demands 
of high yielding crop varieties. Advances in molecular biology tools could resolve what 
players and interactions contribute to proper nodule development, as well as how they 
could be refined for enhanced nitrogen fixation. In addition, the characterization of the 
molecular players involved in nodule development could allow the transfer of nodule 
organogenesis to non-leguminous plant species by genetic engineering.  
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1.2 Nodule development 
Previous work has demonstrated that nodule formation is a complex process involving 
multiple signaling pathways. Prior to nodule initiation, the host plant recognizes an 
endogenous deficiency in available nitrogen, and excretes flavonoids from its roots 
(Dixon, 1995). Flavonoids act as strong chemoattractant molecules for rhizobia (Barbour, 
1991) and the rhizobia gather in close congregation to the plant’s root hair cells. In 
addition, flavonoids induce the expression of rhizobial nod genes (Kosslak, 1987), which 
synthesize specific lipochitooligosaccharides, or nod factors (Lerouge, 1990). Nod factors 
are strain-specific signaling molecules with a unique structural signature that establish 
specific plant-rhizobia symbiotic partnerships (Roche et al., 1991). Nod factors are also 
the rhizobial response to the plant flavonoid signal as part of a molecular dialogue 
between the two organisms committing to establishing a symbiotic root nodule. These 
communications sponsor major physiological changes at the site of the colonized root 
hair cell to begin nodule organogenesis. The plant perceives the nod factor through 
membrane-spanning receptor-like kinases that possess a LysM domain residing in the 
extracellular space (Arrighi et al., 2007). There are two clades of these receptors and their 
LysM domains complement the specificity of certain nod factor molecules to reinforce a 
strict partnership between the plant and certain rhizobia (Radutoiu et al., 2007). In 
addition, these receptors appear to interact with one another and both are necessary for 
nodule organogenesis, yet they differ in their capacity to autophosphorylate and 
6 
propagate downstream signals (Madsen et al., 2011). LysM-RLK receptors directly bind 
the nod factor through their LysM domain (Broghammer et al., 2012). These receptors 
are thought to form a hetero-complex with the SYMRK/DMI2 receptor that is also 
involved in regulating symbiotic nodule development (Endre et al., 2002). The nod factor 
binding and heterocomplex formation leads to calcium spiking oscillations in the nucleus 
(Harris, 2003; Kanamori et al., 2006), yet a messenger is necessary to communicate the 
recognition to the nucleus. The candidate responsible for communicating nod factor 
binding to the nucleus by calcium spiking is likely 3-hydroxy 3-methylglutaryl CoA 
reductase 1 (HMGR1). HMGR1 is an enzyme that generates mevalonate, but it also 
strongly interacts with SYMRK (Kevei et al., 2007). In addition, exogenously-applied 
mevalonate induces calcium spiking and HMGR1 appears to be required for continued 
transduction of the symbiotic signal (Venkateshwaran et al., 2015). Beyond the receptors 
and transducing signal, nuclear proteins further facilitate the calcium oscillations. Among 
these proteins are the nucleoporin proteins NUP85 (Saito, 2007a) and NUP133 
(Kanamori et al., 2006), as well as the nuclear membrane proteins CASTOR and 
POLLUX (Charpentier et al., 2008). The influx of calcium in the nucleus activates a 
calcium- and calmodulin-dependent kinase CCaMK by repressing its autoinhibitory 
domain (Gleason et al., 2006), allowing it to interact with CYCLOPS, a crucial protein 
involved in nodule organogenesis (Yano et al., 2008). CYCLOPS was recently resolved 
to function as a DNA-binding transcriptional activator (Singh, 2014) and appears to work 
in parallel with the NSP2/NSP1 transcription factor complex to promote expression of 
early-nodulation genes, such as NIN and ERN1 (Hirsch et al., 2009). These cellular 
processes are summarized in Figure 2. The activation of NIN and ERN1 triggers a suite 
7 
of processes that leads to the uptake of the rhizobia and cortex cell reprogramming. In the 
rhizosphere, the nod factor stimulation promotes the root hair cell to curl around the 
rhizobial congregation (Esseling, 2003). In addition, cytoskeletal rearrangements 
(Weerasinghe, 2003) and the localized expression of cell wall deterioration enzymes 
(Munoz et al., 1998) generate an invagination within the root hair cell that can be 
colonized by the rhizobia. The nucleus of the root cell repositions itself and appears to 
guide the infection thread’s growth as it transports the rhizobia to the cortex cells 
(Oldroyd, 2011). Concurrently, the cortex cells basal to the occupied root hair begin 
dividing and differentiating while the infection thread reaches the site of nodule 
organogenesis and fuse with the cortex cells through endocytosis to form symbiosomes. 
Within the symbiosome, the rhizobia differentiate into bacteroids and become 
physiologically tuned for nitrogen fixation (Crespi & Gálvez, 2000). The plant cells in 
the developing nodule continue to divide and differentiate, forming tissues such as 
vasculature and lignin around the symbiosomes until the nodule reaches functional 
maturity. It is important to note however, that nodules can develop in two different ways 
depending on the legume species. As reviewed by Ferguson et al., legumes like soybean 
form determinate nodules that arise from the outer cortex and eventually lose their 
meristem to form a spherical shape by nodule maturity (Ferguson et al., 2010). In 
contrast, legumes such as pea generate nodules from their inner cortex and have a 
persistent meristem that gives the nodule a more linear shape (Figure 3). 
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Figure 2. Symbiotic cellular signaling pathway. Nod factors are perceived in the 
extracellular space by membrane-spanning receptors and a secondary messenger transfers 
this signal to the nucleus and triggers calcium spiking. Calcium spiking activates nuclear 
protein players and transcription factors to sponsor nodule development genes.  
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Figure 3. Nodule types and development stages. Upon perception of rhizobia, the root 
cortex cells begin dividing and eventually merge with the bacteria in the infection thread. 
Subsequent cellular differentiation and division give rise to the functional nodules. 
Indeterminate nodules maintain their meristem and develop in a linear fashion where 
determinate nodules lose their meristem develop into a spherical shape.  
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1.3 Parallels between nodule and mycorrhizal symbiosis  
Interestingly, there are several parallels between these rhizobial symbiosis events and the 
events that take place during mycorrhizal symbiosis. Mycorrhizal symbiosis is a 
relationship between mycorrhizal fungi and plant species, and occurs in two major forms: 
ecto- and endomycorrhiza. As their name implies, ectomycorrhiza form their symbiotic 
associations on the outside of the plant root and the endomycorrhiza colonize the plant 
root cells analogous to rhizobial colonization. However, unlike the exclusive nature of the 
rhizobial colonization, mycorrhizal associations do not seem to have partner specificity. 
The endomycorrhizal arbuscular mycorrhizal (AM) symbiosis beneficially impacts 80-
90% of terrestrial plant species (Smith, 2010). Like the intimate rhizobial symbioses, the 
AM fungi invade the root layers and colonize individual cells within the root. Successful 
colonization results in the formation of a highly branched cellular structure called the 
arbuscule, which mediates nutrient exchange between the host cell and the fungus. To 
colonize these cells however, AM fungi also partake in a molecular dialogue with their 
host plant prior to invasion. Plants undergoing phosphate and in some cases, nitrogen 
deficiency increase the exudation of strigolactones (Yoneyama et al., 2012). 
Strigolactones are plant hormones that induce the metabolism and hyphal branching of 
AM fungi (Akiyama, 2005; Besserer et al., 2006), likely activating them for colonizing 
the host in a similar communication to flavonoids attracting rhizobia. As a response, AM 
fungi appear to release chitin oligomer molecules that induce calcium oscillations like 
nod factors, but at a non-regular frequency compared to that which is observed in nod 
factor perception (Genre et al., 2013; Kosuta et al., 2008; Walker, 2000). Currently, a 
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confident receptor-transduction pathway has yet to be determined in AM symbiosis. To 
date, the most promising candidate is CERK1, a protein containing a LysM domain in its 
extracellular space that was determined to bind chitin oligomers as part of microbe-
associated molecular pattern recognition (Miya et al., 2007). CERK1 interestingly 
induces calcium spiking in the cell but it appears it has a role focused toward fungal 
defense response (Espinoza, 2017). While CERK1 has yet to be proven to be involved in 
AM symbiosis, perhaps there are similar receptors bearing the LysM domain in an 
ancestrally conserved manner to the nod factor receptors. Beyond this reception, the 
activation of the AM symbiosis is strikingly similar to nodule symbiosis. AM infection 
requires the activity for SYMRK similar to rhizobial symbiosis (Demchenko, 2004; 
Gherbi et al., 2008) and that it likely depends on HMGR1 to transduce AM perception to 
the nucleus (Venkateshwaran et al., 2015). The nuclear players NUP85, NUP133, 
CASTOR, and POLLUX that mediate nuclear calcium oscillations are also shared in the 
AM symbiosis pathway (Chen, 2009; Kistner et al., 2005; Saito, 2007b). The downstream 
transcriptional changes are both also mediated by calcium activating CCaMK and 
CYCLOPS as in nodule symbiosis (Hayashi et al., 2010; Pimprikar et al., 2016)). 
However, at this point, the strong similarity between these symbiotic pathways begins to 
diverge. While the nodulation signaling involves CCaMK and CYCLOPS guiding 
NSP1/2 DNA-binding to sponsor the expression of ERN1 and NIN genes, it instead 
appears CCaMK and CYCLOPS lead to NSP2/RAM1 to induce transcription of RAM1 in 
AM symbiosis (Gobbato et al., 2012; Pimprikar et al., 2016). From this point, genes and 
processes specific to AM fungal colonization and symbiosis take over to develop the 
arbuscular symbiosis. It is an exciting prospect so many plants form associations with 
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AM through a pathway like nodule symbiosis, suggesting minor genetic adjustments to 
their pathway are all that are necessary to allow these plants to develop nodules.  
However, there are still many genes and processes involved in nodule development that 
need to be resolved. Indeed, nodule organogenesis can bypass the nod factor induction 
cascade altogether to activate core nodulation genes and develop nodules devoid of 
rhizobia, infection threads, or nitrogen fixation capacity (Tirichine, 2006). This suggests 
the involvement of other intrinsic plant signaling pathways at work. Indeed, 
phytohormones regulate nodule development in addition to nod factor signaling, but 
further investigation of specific roles of phytohormones and how interactions between 
them help achieve proper nodule development is needed. 
1.4 Auxin 
Phytohormones are molecules that act as chemical messengers to regulate plant growth. 
Even at very low concentrations, these molecules have profound influence on cellular 
processes and guide physiological changes toward developing different tissues, organs, or 
specialized cells. Auxin is one of the primary hormones in plants and systemically 
influences nearly every aspect of plant growth. It has been extensively studied over the 
past century, beginning with Charles Darwin’s proposition that a mobile signal directs 
plant growth toward light, seen in his phototropism experiments (Darwin, 1880). 
Scientists such as Peter Boysen-Jensen, Arpad Paal and Frits Went built from his theory 
and demonstrated a mobile substance was responsible for the observed phototropism 
(Whippo, 2006). This substance was later purified from these experiments and identified 
as indole-3-acetic acid (IAA), the most abundant auxin in plants. With pure auxin 
accessible, exogenous treatment experiments demonstrated the profound effect this 
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hormone has not only on plant growth in general, but specific influence on the growth of 
different plant organs. As molecular tools developed, so did the understanding of auxin.  
Auxin biosynthesis, transport, and perception are all interconnected processes that 
facilitate its utility in plants.  
1.4.1 Auxin biosynthesis and transport 
Recent studies have made a convincing argument for a simple, two-step process called 
the IPyA pathway as the primary source of auxin (IAA) in most higher plants. In this 
pathway, tryptophan is converted to indole-3-pyruvic acid (IPyA) by the TRYPTOPHAN 
AMINOTRANSFERASE OF ARABIDOPSIS (TAA) enzyme family (Stepanova et al., 
2008; Tao et al., 2008) and the YUCCA1 flavin monooxygenases convert IPyA to IAA 
(Stepanova et al., 2011; Won et al., 2011). While this is not the only pathway to have 
been proposed, it appears to be the principal means of auxin biosynthesis (Figure 4((a), 
(Tivendale, 2014)). As reviewed by Jutta Muller, IAA can be chemically modified to a 
physiologically inert storage forms or for biodegradation (Ludwig-Muller, 2011), 
controlling signaling post-synthesis. In addition, some tissues of the plant appear to be 
more involved in auxin biosynthesis than others. Specifically, the areas of primary auxin 
biosynthesis include actively proliferating regions of the plant, such as the quiescent 
center of the root apical meristem (Petersson et al., 2009), developing organs (Ljung, 
2001), and emerging vasculature tissue such as flowers and leaves (Cheng, 2006). As 
described by Muday and DeLong, the synthesized auxin moves from the apex of the plant 
to the base in shoots and down the central cylinder of the roots and back up basipetally 
through the outer root cells (Muday, 2001). The transport of auxin from the source organs 
to the rest of the plant involves a sophisticated cell-to-cell transport system composed of 
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the AUX influx and PIN/ABCB efflux carrier proteins (Figure 4(b)). As their name 
entails, the AUX influx proteins facilitate the cellular intake of auxin and operate in 
moving auxin from its source to sink, such as from young leaves down to future lateral 
roots (Marchant et al., 2002). These transmembrane proteins are positioned at the apical 
region of the root protophloem cells’ plasma membrane to facilitate IAA intake and 
eventual deliverance into the root apex (Swarup et al., 2001). In turn, the PIN and ABCB 
proteins enable auxin efflux and they exhibit specific, localized expression throughout the 
plant (Enders, 2015).  
  
Figure 4. Auxin biosynthesis (a) and cellular transport (b). 
 
(a) (b) 
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1.4.2 Auxin perception and signaling 
The synthesized or transported auxin activates gene expression in the destination cell 
through a tightly controlled signaling pathway. The primary mediators of auxin activity 
are the auxin response factor transcription factors (ARFs). There are 23 ARF genes that 
have been identified in Arabidopsis (Guilfoyle, 2007) and they bind a conserved 
TGTCTC DNA motif referred to as an AuxRE (T. Ulmasov, Hagen, G., Guilfoyle, T. J., 
1997; T. Ulmasov, Liu, Hagen, & Guilfoyle, 1995). The ARFs are homodimerizing 
proteins composed of 3 separate domains that have been continuously resolved over the 
years. Toward the N terminus resides the DNA-binding domain (DBD) which, in addition 
to binding the AuxRE also mediates homodimerization (Boer et al., 2014). Downstream 
of the DBD is the middle region (MR) which identifies the ARF as a transcription 
repressor or activator based on the distinct chemical profile made up by the residues in 
this domain (T. Ulmasov, Hagen, Gretchen, Guilfoyle, Tom J, 1999). At the C-terminus 
resides the Phox and Bem1 (PB1) domain, which stabilizes ARF homodimerization and 
importantly, repression by the Aux/IAA repressor proteins through the formation of an 
ARF:Aux/IAA complex (Han et al., 2014). The Aux/IAA repressors are composed of a 
similar PB1 domain to the ARFs, as well as two additional domains, all summarized in 
Figure 5. Domain 1 of the Aux/IAA repressors possesses the repressive activity of the 
Aux/IAAs through the possession of a conserved ethylene response factor (ERF)–
associated amphiphilic repression (EAR) motif (S. B. Tiwari, Hagen, Gretchen, 
Guilfoyle, Tom J, 2004) and are hypothesized to recruit the TPL/TPD corepressors (Lee, 
An, & Cho, 2016; Szemenyei, 2008) to mediate chromatin condensation by interaction 
with histone deacetylase 19 (Long, 2006). This repression is important as it prevents a 
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constant and unlicensed auxin response in the cell, yet the transcriptional machinery has 
the stage set for a rapid auxin response once de-repression occurs. The second domain of 
the Aux/IAAs (“degron”) determines the protein’s stability and is targeted during an 
auxin response (Gray, 2001). Auxin activates its response by binding to the transport 
inhibitor response 1 (TIR1) receptor and stabilizes the assembly of an E3 ubiquitin ligase 
complex with the S-Phase Kinase Associated Protein 1-Cullin-F-Box Protein (SCF) 
(Dharmasiri, 2005; Kepinski & Leyser, 2005; Tan et al., 2007). This ligase complex 
sequesters and poly-ubiquinates the Aux/IAA repressor proteins through their Domain 2 
region, targeting them for degradation (Maraschin, 2009). With the Aux/IAA repressors 
destroyed, the activator ARF is de-repressed, able to homodimerize, and recruit the 
Sucrose Nonfermenting (SWI/SNF) chromatin reorganizing complex through their MR 
(Wu et al., 2015). This reorganization opens promoter regions for subsequent 
transcriptional activating machinery to bind and activate gene expression, summarized in 
Figure 6. While the auxin de-repression mode appears clear, there are still questions to be 
answered concerning the ARFs themselves. Not all ARFs act as transcriptional activators 
and ARFs that repress auxin-responsive gene expression are referred to as “repressor 
ARFs.” Early experiments demonstrate repressor ARFs repress auxin-responsive 
transcription (S. B. Tiwari, Hagen, Gretchen, Guilfoyle, Tom, 2003), yet they still exhibit 
close domain homology with the activator ARFs in that they possess a B3 DBD, a MR, 
and for most, a PB1 domain.  There are peptide differences that seem to distinguish 
repressor ARFs from activators besides their inability to activate genes downstream of 
AuxREs. First, the MR between activator and repressor ARFs appear to be rather distinct. 
In activator ARFs, the MR is rich in Q/S/L residues whereas the repressor MR is rich in 
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S/P/L/G residues (Guilfoyle, 2001). Additionally, the repressor ARFs appear to have a 
very limited association with the Aux/IAA repressor proteins (Piya, 2014), suggesting 
they act mostly independent of auxin. While there are many factors that distinguish the 
repressors from the activators, the repression mechanism or interplay repressors have 
with activator ARFs to mediate proper auxin response is still unclear. Due to the 
uncertainty residing in the function of the ARF repressors, several potential mechanisms 
have been suggested, but not confirmed, concerning their functionality. Figure 7 
summarizes 4 potential scenarios for repressor ARF function: binding to an AuxRE as a 
dimer (A) or monomer (B) and recruiting chromatin condensers like Aux/IAAs, 
outcompeting activator ARFs for the AuxRE and preventing SWI/SNF remodelers (C), 
and heterodimerization with activator ARFs to prevent SWI/SNF remodelers (D). 
 
Figure 5. Common ARF and Aux/IAA domain architecture 
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Figure 6. Auxin dependent de-repression mechanism 
 
   
Figure 7. Hypothesized mechanisms for repressor ARF function. A depicts the repressor 
ARF dimerizing, binding the AuxRE, and recruiting chromatin repressors to block RNA 
polymerase. B depicts a monomeric repressor ARF also blocking RNA polymerase by 
chromatin-condensation. C depicts repressor ARFs outcompeting activator ARFs for the 
AuxRE, indirectly blocking chromatin remodelers and RNA polymerase binding. D 
depicts a heterodimer of the activator/repressor and recruitment of repressive modelers 
and blockage of activation remodelers, blocking RNA polymerase binding.  
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1.5 microRNAs 
Several components of the auxin signaling pathway are under tight post-transcriptional 
regulation by microRNAs (miRNAs). miRNAs are short, non-coding RNA sequences 
that facilitate the destruction or translational repression of protein-coding mRNAs in a 
sequence-specific manner to attenuate their target gene’s expression. The majority of 
miRNA promoter sequences are enriched for elements characteristic of transcription by 
DNA-dependent RNA polymerase II, such as a TATA box motif and the transcribed 
sequences beginning with an adenosine followed by a pyrimidine (Xie et al., 2005). The 
transcribed miRNA gene contains a region of imperfect self-complementarity that allows 
the RNA strand to form a stem-loop secondary structure within the capped and 
polyadenylated sequence with the assistance of the RNA-binding protein DAWDLE 
(DDL) (Yu et al., 2008). This stabilized primary structure is called the pri-miRNA and is 
targeted by the nuclear proteins Dicer-like 1 (DCL1), Hyponastic Leaves 1 (HYL1), 
SERRATE (SE), and nuclear cap binding complex (CBC) (Fang & Spector, 2007; 
Laubinger, 2008). In plants, the formation of this ribonuclear complex allows two 
successive DCL1-mediated cleavage events that generate the miRNA/miRNA* duplex. 
This small duplex is methylated at the 3’ ends by HEN1, protecting it from cytoplasmic 
degradation and is exported from the nucleus by HASTY. One of the two strands, 
typically the miRNA strand, is loaded into the RNA-induced silencing complex (RISC) 
and guides the Argonaute subunit to the target mRNA. It was originally assumed that the 
miRNA* sequence is degraded, but there are demonstrated events where the miRNA* 
mediates cleavage as well (Devers, 2011; Zhang et al., 2011). Argonaute then either 
cleaves the targeted mRNA or reduces its translation, effectively repressing it post-
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transcriptionally. miRNA biogenesis and activity is a critical means of gene regulation 
and has a profound influence on plant development, including regulation of auxin 
activity. miR160 targets the repressor ARF 10/16/17 sub-family of ARFs (Mallory, 2005) 
and it was recently shown that miR160 has important implications in mediating 
auxin/cytokinin activity balance in soybean roots and influences their development of 
symbiotic root nodules (Nizampatnam, 2015; Turner et al., 2013; Wang et al., 2015). 
While miR160 clearly influences auxin activity to guide root nodule development, the 
intermediate effectors from the miR160/repressor ARF interaction still needs to be 
uncovered. 
1.6 Aim of the study 
The strides made in identifying the currently known auxin signaling components has 
certainly opened new questions. Speculation as to whether ARF repressors compete with 
the activators for the AuxRE motif or heterodimerize with the activators to prevent their 
homodimerization and recruitment of chromatin reorganizers is still unresolved even in 
the model plant Arabidopsis thaliana. In addition, the specificity for the AuxRE motif 
has been assumed based on domain similarity between activator and repressor ARFs but 
not directly measured. The spatiotemporal interaction between miR160 and the ARF 
repressors it targets during soybean nodule development is also unclear. To gain a 
complete understanding of the auxin signaling mechanism and how it influences soybean 
root nodule development, further investigation of the repressor ARFs and their regulator 
miR160 are needed. This work describes the investigation of a repressor ARF suspected 
to be highly involved in soybean root nodule development and its regulation by miR160.  
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2. MATERIALS AND METHODS 
2.1 Bioinformatics for selection of ARF16-2 for further studies 
A candidate for studying miR160’s influence on soybean nodule development was 
selected based on the following pre-established criteria: high transcriptional activity 
relative to other repressor ARFs, an inverse temporal expression with respect to miR160, 
a conserved miR160 binding site, and close peptide phylogeny to the Arabidopsis 
thaliana repressor ARFs. Previous work in our lab characterized the transcript levels of 
the nine miR160 targets expressed in soybean root nodules at the emerging and mature 
stages (Nizampatnam, 2015), showing individual ARF 10/16/17 genes have varied 
expression levels (Figure 8). Glyma.10g210600 (genome version Glyma2.0) or 
Glyma.10g35481 (genome version Glyma1.1) referred to herewith as ARF16-2 clearly 
has the highest expression level and most dramatic reduction at the mature nodule stage 
where miR160 is known to be highly active with respect to the other miR160 targets. The 
ARF16-2 coding sequence was obtained from the Wm82.a2 Genome from soybase.org. 
Importantly, ARF16-2 contains the conserved miR160 cleavage site within its coding 
sequence (Figure 9, (Mallory, 2005), suggesting its mRNA can be post-transcriptionally 
regulated by miR160 and RISC complex-mediated degradation. This corresponds with 
the inverse temporal expression profile between miR160 and ARF16-2 (Figure 10, 
adopted from (Nizampatnam, 2015)). Additionally, Turner et al. demonstrated reduced 
ARF16-2 levels in roots overexpressing miR160 and 5’ RACE shows miR160 does 
indeed target ARF16-2 (Turner et al., 2013). BLASTp investigations were carried out to 
determine ARF16-2’s relationship with Arabidopsis thaliana proteins. ARF16-2 was 
used as a query against all non-redundant A. thaliana protein sequences at an expect 
threshold of 1 and showed significant alignment with the A. thaliana ARF16 (Figure 11). 
22 
Furthermore, ARF phylogenetic analysis show ARF16-2 clustering in the same clade as 
the A. thaliana ARF 10/16/17 repressor family (Figure 12, (Dereeper, 2010)). Based on 
ARF16-2’s high expression levels and clear identity as a repressor ARF and potential 
miR160 target, it was selected for further analysis. 
 
Figure 8. FPKM values for miR160 targets expressed during soybean nodulation stages 
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Figure 9. miR160 cleavage site highlighted in ARF16-2 coding sequence (Mallory, 
2005). 
 
Figure 10. Inverse expression profile between miR160 and ARF16-2. Adapted from 
Nizampatnam, 2015. 
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Figure 11. ARF16-2 peptide sequence similarity with A. thaliana ARF 16 and domains 
characteristic of ARF proteins. 
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Figure 12. Phylogenetic relationship of ARF16-2 with the 23 known A. thaliana ARFs. 
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2.2 Sensor for spatiotemporal transcriptional activity of ARF16-2  
A promoter:GUS construct was designed to monitor transcriptional activity of ARF16-2 
in emerging and mature nodules, as well as lateral roots and root tips.  
 
2.2.1 PCR cloning of the ARF16-2 promoter 
Primers were designed to amplify the region at the end of the ARF16-2 5’ UTR to ~2.2kb 
upstream and include restriction sites for downstream cloning purposes (Appendix B, 
Table 4a, Integrated DNA Technologies, IA). The “promoter region” was amplified using 
Platinum PCR SuperMix High Fidelity (Cat# 12532016, Invitrogen, CA) in a 200µL 
PCR tube containing 22.5µL of the SuperMix, 40ng of soybean genomic DNA isolated 
from W82 leaves, 0.2μM forward primer, 0.2µM reverse primer and filled to a total 
volume of 25µL using Type 1 water. The tube was placed on a pre-heated Applied 
Biosystems SimpliAmp Thermal Cycler (ThermoFisher, CA) and the following reaction 
was run: one cycle of 95oC for 2min, 30 cycles of 95oC for 30sec, 60o for 30sec, 68oC for 
2min and 20sec, and a final hold at 10oC. 5µL of the PCR product was run on a 0.8% 
agarose gel to confirm amplification of the correct sized target, and the remaining product 
directly used for TA cloning.  
2.2.3 TOPO TA cloning of the ARF16-2 promoter  
The pCR8/GW/TOPO cloning kit (Cat# K250020, Invitrogen, CA) was used for TA 
cloning where 2µL of the PCR product was mixed with 0.5µL of the TOPO vector and 
0.5µL of the Salt Solution and allowed to incubate at room temperature for 1 hour.  
The TOPO reaction was directly used in heat shock transformation of DH5α competent 
cells. DH5α competent cells were taken from -80oC storage and incubated on ice for 
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5min. 1µL of the TOPO reaction was added to the cells and incubated for 30min on ice. 
The cells were heat-shocked at 42oC for one minute then placed directly on ice for 2min. 
The cells were resuspended in 900µL of LB and placed in a 37oC incubator for 1 hour 
while shaking at 225 RPM for recovery. 300µL of the recovered cells were plated on pre-
warmed spectinomycin (0.1mg/ml) LB/Agar plates and incubated at 37oC for 16 hr. 6 
colonies were selected for plasmid isolation, carried out using the PureYield Plasmid 
Miniprep System (Cat# A1223, Promega, WI). Diagnostic digests with carefully selected 
restriction enzymes were carried out for each plasmid, and correctly-oriented plasmids 
were sequence verified (Beckman Coulter Genomics, MA).  
2.2.4 LR recombination of the ARF16-2 promoter into a binary GUS vector 
A single sequence-verified plasmid carrying the ARF16-2 promoter was used to generate 
a binary vector expressing the promoter:GUS construct through a LR recombination 
reaction. 2µL of Gateway LR Clonase II Enzyme mix (Cat# 11791100, Invitrogen, CA) 
was combined with 3µL of a 50ng/µL TOPO: ARF16-2 promoter, 1µL of a 150ng/µL 
pCAMGFP-GW:GUS entry vector, 4µL of TE buffer (pH 8.0), and incubated for 2hrs at 
room temperature. One µL of Proteinase K solution was added to the reaction and 
incubated at 37oC for 10min to stop the reaction. One µL of the reaction was 
subsequently used in heat shock transformation of DH5α, as previously described 
(Section 2.2.3). Recovered cells were plated on kanamycin (0.05 mg/ml) LB agar plates 
and allowed to incubate for 16 hr at 37oC. 6 colonies were selected for plasmid isolation 
and sequence verification as described (Section 2.2.3). The final verified vector is 
displayed in Figure 1a and was used in Agrobacterium rhizogenes-mediated hairy-root 
plant transformation.  
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2.2.5 Agrobacterium rhizogenes competent cell preparation 
Competent cells of strain K599 A. rhizogenes were prepared as follows for 
electroporation and subsequent hairy root plant transformation. A previous stock of 
native K599 cells were streaked onto LB agar using aseptic technique to maintain a pure 
culture, and incubated at 30’C for 48hrs. A single colony was selected and inoculated into 
5ml of LB, and shaken at 200 RPM at 30oC for 15hrs. Two ml of this sub-culture was 
used to inoculate 200ml of sterile LB and incubated as the sub-culture until the O.D.600 
reached 0.5. The cells were centrifuged at 5000rpm for 10min at 4oC in an Eppendorf 
5804 R centrifuge with rotor F-34-6-38 (Eppendorf, NY) in sterile 50ml Falcon tubes 
(Cat# 21008-940, VWR, PA). The supernatant was decanted and the pellet resuspended 
in 20ml of ice-cold 10% sterile glycerol. The cells were centrifuged at 5000rpm for 
10min at 4oC. The supernatant was decanted and the pellet resuspended in 10ml of ice-
cold 10% sterile glycerol. The cells were centrifuged at 5000rpm for 10min at 4oC. The 
supernatant was decanted and the pellet resuspended in 2ml of ice-cold 10% sterile 
glycerol. The resuspended cells were aliquoted in 1.5ml Eppendorf tubes in volumes of 
50µL and stored at -80oC until transformation.  
2.2.6 W82 seedling growth 
Glycine max Williams 82 genotype plants used in the soybean genome sequencing 
project (Schmutz, 2010) were used in this study. Prior to seed preparation, plant growth 
trays, pot holders, and clear lids were wiped clean with 70% ethanol. Seeds were surface 
sterilized by rinsing with 10% Clorox for 2min, rinsed with distilled water 5 times, and 
rinsed with 70% ethanol for 2min, followed by rinsing 10 times with distilled water. 4” 
pots were placed into the tray pot holders and were filled to 75% of their capacity with a 
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1:3 ratio of vermiculite:perlite mix (Hummert International, MO). About 10 surface-
sterilized seeds were evenly dispersed into each pot to promote strong growth. The seeds 
were covered with the vermiculite:perlite mix and watered with 2.5L Hoagland solution 
per tray (Appendix A, Table 2a). The trays were placed in a controlled environment 
vertical growth chamber (Conviron Growth Chamber, Manitoba, Canada) with 16hr 
light/8hr dark, 50% relative humidity, and day and night respective temperatures of 25oC 
and 20oC for about 2 weeks, allowing the first trifoliate to establish.  
2.2.7 Electroporation of Agrobacterium rhizogenes K599 competent cells 
A single sequence-verified pCAMGFP- ARF16-2promoter:GUS plasmid was used in 
electroporation of Agrobacterim rhizogenes strain K599. K599 competent cells were 
taken from -80oC storage and incubated on ice for 5min. One µL of 150ng/µl 
pCAMGFP- ARF16-2promoter:GUS plasmid was added to the competent cells and 
allowed to incubate for 30min on ice. A 0.1cm gap electroporation cuvette (Eppendorf, 
MA) and 1ml of LB were also pre-chilled on ice. Thirty µL of the cell/plasmid mixture 
was transferred to the pre-chilled cuvette and electroporated with an electric charge of 
25uF, 400ohms resistance, and 1.8Kvolts in a Bio Rad Gene Pulser Xcell Electroporation 
System (Biorad, CA). After electroporation, 900µL of chilled LB was added to the cells. 
The cells were placed in a 30oC incubator and shaken at 200rpm for 2hrs. 300µL of the 
recovered cells were plated on kanamycin LB agar plates and allowed to incubate for 48 
hr at 30oC.  
2.2.8 Agrobacterium rhizogenes mediated plant transformation 
Four transformed K599 colonies were cultured in a sterile flask of 50ml of LB broth with 
kanamycin for 15hrs at 30oC while being shaken at 200rpm. Prior to cell harvesting and 
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resuspension, plant growth trays and transparent lids were wiped cleaned with 70% 
ethanol and 8 petri-dishes halves were placed open face to accommodate 4 sterile rock 
wool plug cubes (Hummert International, MO) per tray. A small hole was made into 75% 
of the plug’s depth using a sterile 200µL pipette tip. For each K599 clone, 750µL of 
sterile 50% glycerol and 750µL of the culture was combined to generate a 1.5ml glycerol 
stock for subsequent plant transformations. The remaining culture was centrifuged in a 
sterile Falcon conical tube at 3500 x g for 8min at 4oC. The supernatant was decanted and 
the pellet was resuspended in ¼ PNS (Appendix A, Table 3a) by gentle inversion. The 
resuspended cells were diluted to a O.D.600 of 0.30 using ¼ PNS in a clean beaker. The 
cell suspension was used to saturate each rock wool plug without generating standing 
liquid. 14-day-old soybean seedlings were cut in a slanting fashion above the cotyledon 
to maximize A. rhizogenes exposure and inserted into an individual rock wool plug. The 
trays were placed in a growth plant tray, covered with a transparent lid and alternatively 
watered with sterile ¼ PNS or Type 1 water under regulated growth conditions. At 3 
weeks, transformed plants were screened for transgenic roots by scanning for presence of 
transgenic, green fluorescent protein (GFP) fluorescence using a FITC filter in an 
Olympus SZX16 Epi-Fluorescent stereo microscope. Transformation efficiency was 
documented and the more efficient K599 clones were used in future plant transformations 
as needed.  
2.2.9 Transformed plant growth conditions 
Successfully transformed plants were transferred to 4” pots filled to 50% capacity with a 
1:3 ratio of vermiculite:perlite mix (Hummert International, MO) in plant trays pre-
cleaned with 70% ethanol. The pots were then filled with the vermiculite:perlite mix and 
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watered with 2.5L of ¼ PNS per tray. The trays were placed in a controlled environment 
vertical growth chamber (Conviron Growth Chamber, Manitoba, Canada) with 16hr 
light/8hr dark, 50% relative humidity, and day and night respective temperatures of 25oC 
and 20oC. Plants were watered as needed with alternating water and ¼ PNS. Watering 
was suspended for three days prior to Rhizobium inoculation to retain the bacteria in the 
soil after inoculation. 
2.2.10 Rhizobium inoculation 
Bradyrhizobium japonicum USDA strain 110 was sub-cultured from glycerol stock in 
15ml Vincent’s Rich media with chloramphenicol (0.02mg/ml) in a sterile tube and 
incubated at 30oC and shaking at 200rpm for 2 days. The sub culture was used in 
subsequent inoculation of 285ml the same media/antibiotic and growth conditions. The 
culture was incubated and periodically checked to ensure the O.D.600 did not exceed 0.3. 
The culture was dispersed into sterile 50 ml Falcon tubes and centrifuged at 3500xg for 
8min at 4oC. The supernatant was discarded and pellet resuspended in ¼ PNS by gentle 
inversion. The resuspended cells were pooled in a large beaker and diluted to an O.D.600 
of 0.08 with ¼ PNS. 25ml of the resuspension was added to the potted transformed 
plants. Watering was withheld for 3 days prior to inoculation to allow proper absorption 
of the bacteria to the roots. Plants were continued to incubate and watered as described 
(Section 2.2.9) until emerging or mature nodules were expected to develop. 
2.2.11 Histochemical GUS staining and microscopy 
At both 7 and 14 days post inoculation (DPI) of B. japonicum, plants were washed of soil 
and GFP+ transgenic roots harvested for a GUS histochemical assay. During root 
screening, 0.5mg/ml of X-GLUC (Cat# G1281C1, Gold Biotechnology, MO) and 0.1% 
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Triton X-100 were dissolved in 40ml of GUS buffer (Appendix D, Table 5a). Once a 
representative number of roots were harvested, Triton X-100 was added to the GUS 
staining buffer and thoroughly mixed. The completed GUS stain and harvested roots 
were combined in a 50ml Falcon tube, shielded from light, and allowed to incubate for 
20hrs. Following incubation, the GUS buffer was decanted and the volume replaced with 
70% ethanol. Roots were stored at 4oC until microscopy was performed. Immediately 
prior to microscopy, the roots were rehydrated by a 10% ethanol series. Tissues of 
interest were sectioned transversely or mounted whole in water on a glass slide and 
covered with a coverslip. The samples were visualized using an Olympus BX53 
microscope using white-light trans-illumination at appropriate magnification.  
2.3 Sensor for spatiotemporal mir160 interaction activity of ARF16-2  
promoter:tdT constructs were designed to monitor interaction activity of ARF16-2 with 
miR160 in emerging and mature nodules. The full-length predicted coding sequence of 
ARF16-2 was cloned between the ARF16-2promoter and a coding sequence for a 
tandem-dimer Tomato (tdT) red fluorescent protein (Campbell et al., 2002). Loss of tdT 
fluorescence compared to a ARF16-2promoter:nuclear-localized tdT (NLS:tdT) fusion 
control during microscopy would indicate interaction with miR160.   
2.3.1 LR recombination of the ARF16-2 promoter into a binary tdT vector 
The same sequence-verified TOPO vector containing the ARF16-2 promoter was used in 
LR recombination as previously described (Section 2.2.4) with a pCAMGFP-GW:tdT 
vector  to generate a pCAMGFP-16-2promoter:tdT promoter fusion.  
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2.3.2 PCR cloning of NLS for recombination into pCAMGFP-16-2promoter:tdT 
vector 
Primers were designed to clone the NLS (Suzaki et al., 2012) sequence with additional 5’ 
and 3’ restriction sites to allow restriction enzyme-based cloning and maintain reading 
frame (Appendix B, Table 4a, Integrated DNA Technologies, IA). The NLS was cloned 
from a pCAM-DR5:NLS:GFP construct using Platinum PCR SuperMix High Fidelity 
(Cat# 12532016, Invitrogen, CA) in a 200µL PCR tube containing 22.5µL of the 
SuperMix, 40ng of the vector, 0.2µM forward primer, 0.2µM reverse primer, and filled to 
a total volume of 25µL using Type 1 water. The tube was placed on a pre-heated Applied 
Biosystems SimpliAmp Thermal Cycler and the following reaction was run: one cycle of 
95oC for 2min, 28 cycles of 95oC for 30sec, 60o for 30sec, 68oC for 30sec, and a final 
hold at 10oC. 5µL of the PCR product was run on a 1% agarose gel to confirm 
amplification. The remaining product was directly used for TA cloning, heat shock 
transformation of DH5α, diagnostic digestion, and sequence verification as previously 
described (Section 2.2.3).  
2.3.3 PCR cloning of ARF16-2 CDS for recombination into pCAMGFP- ARF16-
2promoter:tdT vector 
The ARF16-2 coding sequence was synthesized by Genscript (Genscript, NJ) and 
delivered in a pUC57 vector. The coding sequence was amplified using primers to add 
restriction sites for insertion into the pCAMGFP-16-2promoter:tdT vector and maintain 
reading frame. The CDS was cloned using Platinum PCR SuperMix High Fidelity (Cat# 
12532016, Invitrogen, CA) in a 200µL PCR tube containing 22.5µL of the SuperMix, 
40ng of the vector, 0.2µM forward primer, 0.2µM reverse primer, and filled to a total 
volume of 25µL using Type 1 water. The tube was placed on a pre-heated Applied 
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Biosystems SimpliAmp Thermal Cycler and the following reaction was run: one cycle of 
95oC for 2min, 28 cycles of 95oC for 30sec, 60o for 30sec, 68oC for 2min and 15sec, and 
a final hold at 10oC. 5µL of the PCR product was run on a 0.8% agarose gel to confirm 
amplification. The remaining product was directly used for TA cloning, heat shock 
transformation of DH5α, diagnostic digestion, and sequence verification as previously 
described (Section 2.2.3).  
2.3.4 Restriction enzyme-based insertion of either NLS or ARF16-2 CDS 
1µg of the pCAMGFP-16-2promoter:tdT vector and the sequence-verified NLS and 
ARF16-2 CDS TOPO vectors and were digested with 1 unit of SbfI and AscI restriction 
enzymes (NEB, MA) in 1x CutSmart Buffer (NEB, MA) and filled to a total volume of 
30µL using Type1 water in a 200µL PCR tube. The mixture was allowed to incubate at 
37oC for 3hrs. The digested TOPO vectors were loaded onto a 1% agarose gel and ran at 
100 volts for 30min to isolate the NLS and ARF16-2 CDS fragments from the vector 
backbone. As the pCAMGFP-16-2promoter:tdT vector digestion would yield a 50bp 
product that would be lost during column purification, it was withheld from gel 
separation. The fragments were quickly excised from the gel using a blade and UV trans-
illuminator and purified along with the digested the pCAMGFP-16-2promoter:tdT vector 
using the Wizard PCR purification kit (Promega, WI). Quantification and DNA quality 
was assessed using a spectrophotometer ThermoScientific Nanodrop 2000 
spectrophotometer (Cat# ND-2000, ThermoFisher, CA. For the NLS ligation, 50ng of the 
NLS fragment were combined with 150ng of the linearized pCAMGFP-16-
2promoter:tdT vector, 1x ice-thawed ligation buffer (NEB), and 10 units of T4 DNA 
ligase (NEB, MA). For the CDS ligation, 150ng of the NLS fragment were combined 
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with 150ng of the linearized pCAMGFP-16-2promoter:tdT vector, 1x ice-thawed ligation 
buffer (NEB), and 10 units of T4 DNA ligase (NEB, MA). Both ligations were incubated 
at room temperature for 20min and used in heat shock transformation of DH5α as 
previously described (Section 2.2.3). The linear pCAMGFP-16-2promoter:tdT vector was 
used as a digestion control. 12 resulting colonies from each plate were used in colony 
PCR to amplify from the 5’ end of the ARF16-2 promoter to either the 3’end of the NLS 
or CDS. Positive colonies were cultured and plasmids isolated and sequence verified as 
previously described (Section 2.2.3). The final vectors used in Agrobacterium 
rhizogenes-mediated hairy root plant transformation are displayed in Figure 2a (NLS:tdT 
fusion) and Figure 3a (16-2 CDS:tdT fusion). 
 
2.3.5 Electroporation of Agrobacterium rhizogenes K599 and plant transformation  
A single sequence-verified plasmid for either the pCAMGFP:16-2promoter:NLS:tdT or 
pCAMGFP:16-2promoter:16-2 CDS:tdT were used in electroporation of K599 as 
previously described (Section 2.2.7). The K599 clones for each construct were used in 
hairy root transformation of W82 seedlings, which were subsequently inoculated with 
Bradyrhizobium japonicum, as previously described (Section 2.2.10).  
2.3.6 Confocal collection of ARF16-2 and miR160 interaction  
Plants were harvested at 7 and 14 DPI and washed of excess soil. Transverse, cross 
sections were generated by hand for both emerging and mature nodule tissues, placed in a 
250nM DAPI staining solution, and mounted on a 3-D printed coverslip mount to 
preserve cross section integrity (Figure 13). Sections were analyzed on an Olympus 
Fluoview FV1200 laser scanning confocal microscope (Olympus, PA). 405 (DAPI), 488 
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(FITC), and 595 (FITC) nm lasers set at 15%, 15%, and 30% respectively were set to 
voltage just below fluorescence saturation along with an inactive 635 nm laser to capture 
a black/white image. The DAPI and FITC channels were employed to confirm nuclear-
localized tdT in transgenic cells. These values were typically 250-300 for DAPI, 400-450 
for FITC, and 650-750 TRITC fluorescence. Emerging nodules and specific mature 
nodule tissues were analyzed using a 20x 0.75 NA objective by which the DAPI channel 
was used to focus on nuclei in zones of interest and establish a central focal plane. 10-
2.5uM slices were taken in the z-direction above and below the central focal plane using 
frame, sequential scanning at 12.5us/pixel and 1024 aspect ratio. Entire mature nodule 
cross sections were analyzed using a 10x NA objective with a focal plane set to capture 
the entire depth of the section. 10-5μM slices were taken in the z-direction above and 
below the focal plane using frame, sequential scanning at 12.5us/pixel at 1024 aspect 
ratio.  
2.3.7 ImageJ quantification of tdT fluorescence 
Confocal stacks for the construct sections were processed to include 3 slices above/below 
the image central focal plane and saved as a .tiff file using Fluoview Imaging Software 
(Olympus). ImageJ (Schneider, 2012) was used to parse out cell wall autofluorescence 
from true tdT signal by establishing a color threshold window and selecting appropriate 
zones for data normalization (Figure 14). 
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Figure 13. 3-D printed coverslip holder to preserve nodule cross section integrity 
  
Figure 14. Color threshold used to eliminate bright-red cell wall autofluorescence and the 
free-hand isolation of regions of interest. 
 
 
Raw fluorescence intensity was collected as relative fluorescence units for red and green 
channels, as well as perimeter and area values. For mature nodule sections, 14 images 
were analyzed for each construct and red fluorescence was normalized to both green 
fluorescence and area before analyzing with a T-test, α=0.05. For emerging nodule 
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sections, 10 images were analyzed for each construct and red fluorescence was 
normalized to both green fluorescence and area before analyzing with a T-test, α=0.05.  
2.4 Influence of mir160-resistant ARF16-2 on nodule number 
A miR160-resistant ARF16-2 was developed using site-directed mutagenesis to assess 
ARF16-2’s individual influence on nodule development.  
2.4.1 Site-directed mutagenesis of ARF16-2 for miR160 resistivity 
Primers for site-directed mutagenesis were designed to introduce 5 silent mutations at  
CDS positions 1354, 1360, 1363, 1366, and 1369 (Figure 15) to prevent sequence-
specific interaction with miR160. 40ng of the pUC57 vector harboring the ARF16-2 
coding sequence was combined with 0.5 units of Q5 DNA polymerase (NEB, MA), 
0.2µM of each site-directed mutagenesis primer, 1x Q5 reaction buffer (NEB, MA), and 
filled to 25µL with Type1 water in a 200µL PCR tube. The tube was placed on a pre-
heated Applied Biosystems SimpliAmp Thermal Cycler and the following reaction was 
run: one cycle of 95oC for 2min, 20 cycles of 95oC for 30sec, 65o for 30sec, 72oC for 
4.5min, and a final hold at 10oC. 5µL of the PCR product was run on a 0.8% agarose gel 
to confirm amplification. To destroy the bacterial plasmid, 1 unit of DpnI restriction 
enzyme (NEB, MA) was added to the PCR reaction and incubated at 37oC for 2hrs. The 
resulting reaction was used in heat-shock transformation of DH5α, which were plated on 
LB agar ampicillin (0.1mg/ml) plates. 8 colonies were selected for plasmid isolation and 
sequencing. A single sequence-verified plasmid was used in downstream cloning into a 
binary vector.  
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Figure 15. Nucleotides mutated to prevent miR160 repression and maintain peptide 
sequence. 
2.4.2 Insertion of ARF16-2-160res into pCAMGFP- ARF16-2promoter:tdT 
1µg of the pCAMGFP-16-2promoter:tdT vector and the sequence-verified pUC57- 
ARF16-2-160res vector were digested with unit of SbfI and AscI restriction enzymes 
(NEB, MA) in 1x CutSmart Buffer (NEB, MA) and filled to a total volume of 30µL 
using Type1 water in a 200µL PCR tube. The mixture was allowed to incubate at 37oC 
for 3hrs. The digested pUC57 vector was loaded onto a 1% agarose gel and ran at 100 
volts for 30min to isolate the mutagenized CDS from the vector backbone. As the 
pCAMGFP-16-2promoter:tdT vector digestion would yield a 50bp product that would be 
lost during column purification, it was withheld from gel separation. The mutagenized 
CDS fragment was quickly excised from the gel using a blade and UV trans-illuminator 
and purified along with the digested the pCAMGFP-16-2promoter:tdT vector using the 
Wizard PCR purification kit (Promega, WI). Quantification and DNA quality was 
assessed using a ThermoScientific Nanodrop 2000 spectrophotometer (Cat# ND-2000, 
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ThermoFisher, CA). 150ng of the mutagenized CDS fragment was combined with 150ng 
of the linearized pCAMGFP-16-2promoter:tdT vector, 1x ice-thawed ligation buffer 
(NEB), and 10 units of T4 DNA ligase (NEB, MA). Both ligations were incubated at 
room temperature for 20min and used in heat shock transformation of DH5α as 
previously described (Section 2.2.3). The linear pCAMGFP-16-2promoter:tdT vector was 
used as a digestion control. 12 resulting colonies from each plate were used in colony 
PCR to amplify from the 5’ end of the ARF16-2 promoter to the 3’end of the 
mutagenized CDS. Positive colonies were cultured and plasmids isolated and sequence 
verified as previously described (Section 2.2.3). The final vector is displayed in Figure 4a 
and was used in Agrobacterium rhizogenes-mediated hairy root plant transformation. 
2.4.3 Nodule count 
The influence of inhibiting miR160 and ARF16-2 interaction was assessed by nodule 
count. A single sequence verified pCAMGFP-16-2promoter: ARF16-2-160res:tdT was 
used in transforming K599 competent cells and soybean seedlings as previously 
described (Section 2.2.8). In tandem, plants were also transformed for pCAMGFP-16-
2promoter: ARF16-2 CDS:tdT to serve as a control. Plants were grown and inoculated 
with USDA 110 and at 14 DPI, plants were collected, washed and transgenic roots 
isolated by GFP screening. The number of emerging, intermediate, and mature nodules 
were documented for 27 roots per construct and data analyzed using a Poisson 
Distribution with α=0.05. 
2.4.4 Generation of transgenic plants for expression quantification 
To validate the difference observed from the nodule count was a consequence of the 
miR160resistant ARF16-2, the expression levels of this transgene compared to the native 
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ARF16-2:tdT fusion were assessed from whole uninoculated roots. Plants were 
transformed as above and allowed to regenerate roots for 3 weeks then transferred to a 
1:3 ratio of vermiculite:perlite mix. The plants were saturated with ¼ PNS and allowed to 
grow roots for an additional week. Plants were collected, washed, and whole GFP+ roots 
harvested flash-frozen with liquid nitrogen. Roots were stored at -80oC until RNA 
isolation.  
2.4.5 RNA isolation 
600mg of root tissue was ground in a mortar and pestle with liquid nitrogen and 
transferred to 10ml of cold Trizol (Cat# 15596026, ThermoFisher, CA) in a 15 ml Falcon 
tube (Cat# 89039-670, VWR, PA). The samples were then homogenized by vortexing for 
3min at maximum speed. The homogenized sample was then centrifuged at 12,000 x g 
for 10min at 4oC to pellet cell debris. The supernatant was pipetted from the tube and 
transferred to a fresh 15ml Falcon tube. 2ml of cold chloroform was added to the sample 
and was mixed by shaking vigorously for 15sec. The mixture was centrifuged at 12,000 x 
g for 15min and the clear aqueous layer transferred to a fresh tube. 2ml of cold 
chloroform was again added and the centrifugation repeated for 10min. The aqueous 
layer was pipetted off and combined with 5ml of cold isopropanol. The samples were 
then stored in -20oC overnight to allow the RNA to precipitate. The samples were then 
centrifuged at 12,000 x g for 10min at 4oC and the supernatant removed from the RNA 
pellet. The pellet was washed with 10ml cold ethanol by vortexing and centrifuging at 
7,500 x g for 5min two times. The washed pellets were then allowed to air dry for 10min 
and dissolved in 50µL autoclaved DEPC water. The amount of RNA for each sample was 
quantified by Nanodrop and stored at -80oC until further use.  
42 
2.4.6 DNase treatment and cDNA synthesis 
After quantification, 5.3μg of RNA from each sample was treated with DNase I (Cat# 
M0303S, NEB, MA) in a reaction containing 2 units of DNase, I, 1µLof 10x DNase I 
Reaction Buffer, filled to a final volume of 10µL with Type1 water. This reaction was 
incubated at 37oC for 20min and 1µLof RQ1 Stop Solution (Cat# M199A, Promega, WI) 
was added to the reaction, mixed, and the reaction was incubated at 70oC for 10min. The 
final DNA concentration and quality of each sample was quantified using Nanodrop. 
Following DNA quantification, the samples were assessed for absence of DNA by 
carrying out qPCR on each sample for actin. The qPCR mix for each sample was 
composed of 10µL of 2x SYBR Advantage qPCR Mix (Cat# 639676, Clontech, CA), 
0.4µL of 50x ROX reference dye, 0.4µL of both forward and reverse actin primers 
(Appendix C) and 1.6µL of 20ng/µL cDNA from each sample or water for the template 
control. The reaction volume was brought up to 20µL with Type1 water, repeated for 
triplicate reactions, pipetted into a white, 96 well plate, and placed on an Applied 
Biosystems QuantStudio 3 qPCR thermal cycler (ThermoFisher, CA) and the following 
cycle was run: 1 cycle of 95oC 2min, 40 cycles of 95oC for 10sec to 62oC for 20sec, and a 
final cycle of 95oC for 30sec, 55oC for 30sec, and 95oC for 30sec.  Once it was 
demonstrated the CT difference for actin expression was >10 CT values between the 
samples and the positive cDNA control, each sample was used as a template for cDNA 
synthesis. For cDNA synthesis, 2µg of the DNase-treated RNA was combined with 
10mM dNTP, 1µL of a 10mM oligo dT primer and Type1 water added to a total volume 
of 16.5µL. This reaction was incubated at 65oC for 5min and placed on ice for 5min. 1µL 
of M-MuLv Reverse transcriptase (NEB, MA), 2µL of 10x M-MuLv buffer, and 0.5µL 
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of RNase OUT (Cat# 10777019, ThermoFisher, CA) was added to each sample’s reaction 
tube and then incubated at 42oC for 1 hr. The reaction was halted by incubating at 72oC 
for 10min and the DNA was assessed for quantity and purity using Nanodrop and a gel 
check using a 1% agarose gel. Once it was determined the cDNA was good quality, the 
cDNA for each sample was diluted to approximately 100ng/µL and stored at -20oC until 
further use.  
2.4.7 Quantitative gene expression  
Both the cDNA for the ARF16-2:tdT and the miR160resistant ARF16-2:tdT transgenic 
roots were diluted to 20ng/µL and 1.6µL of this cDNA was combined with 10µL of 2x 
SYBR Advantage qPCR Mix, 0.4µL of 50x ROX reference dye, 0.4µL of 10µM forward 
and reverse primer, and filled to a final volume of 20µL with sterile DEPC water. A no-
template control was included to assess the purity of the reagents. The reaction was 
repeated in triplicate for 4 different primer sets: expression of only the tdT transgene, 
expression of the total ARF16-2 expression (the plant’s native DNA plus the transgene 
constructs), the expression of the ARF16-2:tdT fusion, and actin as a positive control. 
Each reaction was repeated in triplicate and placed on a QuantStudio 3 qPCR thermal 
cycler and the following cycle was run: one cycle of 95oC for 2min, 40 cycles of 95oC for 
10sec then 62oC for 20sec, then one cycle of 95oC for 30sec, 55oC for 30sec, and 95oC 
for 30sec. The data was collected with the instrument software and exported into Excel 
for further analysis of the expression levels. The average CT value for each reaction was 
determined and subtracted against actin to determine the expression levels between the 
samples.  
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2.5 DNA binding activity of ARF16-2 during root and nodule development 
An ARF16-2:DamID fusion was generated to tag and isolate ARF16-2 genomic binding 
sites for next-generation sequencing.  
2.5.1 Cloning and verification of VGE inducible element 
van Steensel et al. recommend using the basal expression of an un-induced inducible 
promoter in DamID experiments (van Steensel, 2000). The transcriptional activator 
element based off of a chimeric Choristoneura fumiferana EcR receptor (Padidam, 2003) 
was previously obtained and validated to properly function during soybean root nodule 
development. The entire inducible system is referred to as “VGE” and is outlined in in 
the vector map of Figure 5a. Primers were designed to clone the VGE construct and were 
combined in 0.2µM amounts with 22.5µL of Platinum PCR SuperMix High Fidelity 
(Cat# 12532016, Invitrogen, CA) in a 200µL PCR tube containing 22.5µL of the 
SuperMix, 40ng of vector name plasmid, and filled to a total volume of 25µL using Type 
1 water. The tube was placed on a pre-heated Applied Biosystems SimpliAmp Thermal 
Cycler and the following reaction was run: one cycle of 95oC for 2min, 28 cycles of 95oC 
for 30sec, 60o for 30sec, 68oC for 3min, and a final hold at 10oC. 5µL of the PCR product 
was run on a 0.8% agarose gel to confirm amplification and the remaining product 
directly used for TA cloning and subsequent heat shock transformation of DH5α. A 
single TOPO:VGE plasmid was selected after diagnostic digest and sequence verification 
for LR recombination into a pCAMGFP-GW:GUS binary vector. 2µL of Gateway LR 
Clonase II Enzyme mix (Cat# 11791100, Invitrogen, CA) was combined with 3µL of a 
50ng/µL TOPO:VGE, 1µL of a 150ng/µL pCAMGFP-GW:GUS  entry vector, 4µL of 
TE buffer, and allowed to incubate for 2hrs at room temperature. 1µL of Proteinase K 
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solution was added to the reaction and incubated at 37oC for 10min to stop the reaction. 
1µL was subsequently used in heat shock transformation of DH5α, as previously 
described (Section 2.2.4). Recovered cells were plated on kanamycin LB agar plates and 
allowed to incubate for 16 hr at 37oC. 4 colonies were selected for plasmid isolation and 
sequence verification as described above (Section 2.2.3). A single sequence-verified 
pCAMGFP-VGE:GUS plasmid was used in plant transformation as previously described 
(Section 2.2.8). 3 week-old transformed plants were transferred to soil and inoculated 
with USDA 110 strain. At 10 DPI, plants were taken from soil, washed, and incubated in 
500ml volumes containing 0, 1, or 3µM concentrations of methoxyfenozide (Sigma) 
dissolved in DMSO for 17hrs. Following incubation, GFP+ transgenic roots were isolated 
and stained for GUS activity for 16hrs. Whole nodules were mounted and visualized 
using a BX53 microscope (Figure 16). 
 
0µM                                              1µM                                    3µM 
Figure 16. Dosage-responsive control of the VGE element in soybean root nodules. 
 
2.5.2 Generation of destination vectors 
Primers were designed to clone and add flanking restriction sites to the Myctag:EcoDam 
fusion coding sequence from the pGWC-rfA-Myc-Dam vector, provided by van Steensel 
lab (http://research.nki.nl/vansteensellab/index.html). The Myctag:EcoDam fusion coding 
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sequence was amplified by combining 22.5µL of SuperMix, 40ng of the pGWC-rfA-
Myc-Dam vector, 0.2µM forward primer, 0.2µM reverse primer and filled to a total 
volume of 25µL using Type 1 water in a 200µL PCR tube. The tube was placed on a pre-
heated Applied Biosystems SimpliAmp Thermal Cycler and the following reaction was 
run: one cycle of 95oC for 2min, 30 cycles of 95oC for 30sec, 65o for 30sec, 68oC for 
1min and 10sec, and a final hold at 10oC. 5µL of the PCR product was run on a 1% 
agarose gel to confirm amplification and the remaining product directly used for TA 
cloning and heat shock transformation of DH5α. Plasmids were isolated and sequence-
verified for 4 colonies. A single TOPO:Myctag:EcoDam plasmid and pCAMGFP-
GW:tdT vector were digested using SbfI and PvuI restriction enzymes. The 
Myctag:EcoDam fusion and pCAMGFP-GW backbone fragments were separated and 
excised from a 0.8% agarose gel, purified, and ligated as previously described (Section 
2.3.4). DB3.1 cells were transformed by heat shock for the ligated pCAMGFP-
GW:Myctag:EcoDam fusion and plasmids were isolated and sequenced for 4 colonies. A 
sequence-verified pCAMGFP-GW:Myctag:EcoDam vector was used in transforming 
DB3.1. The same vector was used in the insertion of the ARF16-2 CDS (performed by 
Genscript) or the NLS by SbfI digestion and subsequent ligation to generate either 
pCAMGFP-GW:16-2 CDS:MycDam and pCAMGFP-GW:NLS:MycDam. An LR 
reaction was performed for these plasmids and the TOPO:VGE to generate pCAMGFP-
VGE:NLS:MycDam or pCAMGFP-VGE:16-2 CDS:MycDam. The final vectors are 
displayed in Figure 5a.  
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2.5.3 DNA isolation and library construction 
Plants were transformed, grown, and inoculated with USDA 110 as previously described 
(Section 2.2.10). Plants withheld from USDA 110 inoculation served as a control for 
binding sites targeted by ARF16-2 exclusively during nodule development. At 10 DPI or 
3-week post-transformation, the plants were screened for GFP+ transgenic roots and flash 
frozen in liquid nitrogen until DNA isolation. DNA was isolated from 150mg of ground, 
frozen tissue per sample using a DNeasy PowerPlant Pro Kit (Cat# 13400-50, MoBio, 
CA). DNA quality and amount was assessed using NanoDrop. Methylated binding sites 
were isolated and amplified by following the protocol described by Vogel et al ((Vogel, 
2007). Residual reagents were removed using a Nucleotide Removal Kit (Cat# 28304, 
Qiagen, CA). Illumina sequencing adapters were ligated to 2µg of purified sample using 
the TruSeq DNA PCR-Free Library Prep kit (Cat# FC-121-9006, Illumina, CA). Sample 
fragment distribution and DNA concentration were assessed using BioAnalyzer and 
QuBit. The samples were normalized and pooled before loading onto a high-output 
sequencing chip and sequenced on an Illumina NextSeq using 75bp length, paired-end 
sequencing.  
2.5.4 Bioinformatic analysis 
The sequencing outputs for each sample were uploaded to the Cyverse HPC environment 
(reference) where sequence quality was assessed using FASTQC (reference). All samples 
had phred scores 28 and above and were taken directly for adapter trimming. The DamID 
PCR-primer sequences were removed using cutadapt and each sample aligned to the 
soybean genome va2.1.1 using Bowtie2. However, very few reads mapped to the soybean 
genome due to the high level of Agrobacterium reads and the samples have not been able 
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to generate reliable results. Due to the non-sterile conditions of our approach, this 
contamination was inevitable, but methods to enrich the plant DNA would likely be 
necessary.  
2.6 ARF purification   
2.6.1 Cloning and expression vector construction 
This project sought to examine the following ARF DBDs: Arabidopsis thaliana ARF5 
(MONOPTEROS), Glycine max ARF8a (Glyma02g239600.1, genome version 
Glyma2.0), ARF16-2, and ARF16-2 mutagenized for G135H to replicate the high 
conservation of histidine at this position in the ARF activators ((Boer et al., 2014).  
The ARF5 sequence was kindly provided by the Weijers lab (Wageningen University, 
Netherlands) and used as template for cloning. Primers were designed to clone the same 
DBD region investigated in Boer et al., 2014 (residues 1-390) along with sequences 
specific for recombination into the pETite N-His SUMO KanVector (Cat# 49003-1, 
Lucigen, WI) and include a C-terminal 6x-histidine tag. 40ng of the template plasmid 
was combined with Platinum PCR SuperMix High Fidelity (Cat# 12532016, Invitrogen, 
CA) in a 200µL PCR tube containing 22.5µL of the SuperMix, 0.2µM forward primer, 
0.2µM reverse primer and filled to a total volume of 25µL using Type 1 water. The tube 
was placed on a pre-heated Applied Biosystems SimpliAmp Thermal Cycler and the 
following reaction was run: one cycle of 95oC for 2min, 30 cycles of 95oC for 30sec, 60o 
for 30sec, 68oC for 1minutes and 20sec, and a final hold at 10oC. 5µL of the PCR product 
was run on a 0.8% agarose gel to confirm amplification and the remaining product 
directly used for recombination into the pETite N-His SUMO Kan expression vector. 
2.5µL of the PCR product was mixed with 25ng of the vector and transformed into DH5α 
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cells by heat shock and plated on kanamycin-selective agar plates. 4 single colonies were 
picked and sequence-verified as previously described (Section 2.2.3). Plasmid was 
isolated from the sequence-verified colony and used in heat-shock transformation of 
Rosetta2 DE3 expression strain (Cat# 71400, EMD Millipore, Germany). These cells 
were plated onto kanamycin/chloramphenicol media (0.05 and 0.02 mg/ml, respectively) 
to ensure maintenance of both the expression vector and supplied codon vector.  
The ARF16-2 DBD was aligned to the ARF5 by peptide (Clustal) and primers designed 
to clone residues 1-386 with sites for pETite vector recombination and a C-terminal 6x-
histidine tag from the pUC57 vector harboring the full ARF16-2 protein. In addition, 
primers were designed to mutagenize residue 135 from a glycine to a histidine. 40ng of 
the pUC57 vector harboring the ARF16-2 coding sequence was combined with 0.5 units 
of Q5 DNA polymerase (NEB, MA), 0.2µM of each site-directed mutagenesis primer, 1x 
Q5 reaction buffer (NEB, MA), and filled to 25µL with Type1 water in a 200µL PCR 
tube. The tube was placed on a pre-heated Applied Biosystems SimpliAmp Thermal 
Cycler and the following reaction was run: one cycle of 95oC for 2min, 20 cycles of 95oC 
for 30sec, 65o for 30sec, 72oC for 4.5min, and a final hold at 10oC. 5µL of the PCR 
product was run on a 0.8% agarose gel to confirm amplification. To destroy the bacterial 
plasmid, 1 unit of DpnI restriction enzyme (NEB, MA) was added to the PCR reaction 
and incubated at 37oC for 2hrs. The resulting reaction was used in heat-shock 
transformation of DH5α, which were plated on LB agar ampicillin plates. 4 colonies were 
selected for plasmid isolation and sequencing. A single sequence verified plasmid was 
used in amplifying a mutagenized version of the ARF16-2 DBD. For this, 40ng of the 
template plasmid was combined with Platinum PCR SuperMix High Fidelity (Cat# 
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12532016, Invitrogen, CA) in a 200µL PCR tube containing 22.5µL of the SuperMix, 
0.2µM forward primer, 0.2µM reverse primer and filled to a total volume of 25µL using 
Type 1 water. The tube was placed on a pre-heated Applied Biosystems SimpliAmp 
Thermal Cycler and the following reaction was run: one cycle of 95oC for 2min, 30 
cycles of 95oC for 30sec, 60o for 30sec, 68oC for 1minutes and 20sec, and a final hold at 
10oC. 5µL of the PCR product was run on a 0.8% agarose gel to confirm amplification 
and the remaining product directly used for recombination into the pETite N-His SUMO 
Kan expression vector and DH5α transformation. 4 colonies were selected for plasmid 
isolation and sequence verification for transformation of Rosetta 2 DE3 expression cells. 
These processes were repeated for the native ARF16-2 coding sequence.  
Due to the many rare codons present in the Glycine max ARF8a (Glyma.02g239600.1 
genome version Glyma2.0) coding sequence that the Rosetta 2 DE3 strain could not 
supply, the ARF8a coding sequence (soybase.org) was synthesized to span residues 1-
359 by G-block synthesis (IDT, IA) and silently mutate rare codons into expressible ones. 
This sequence also included a C-terminal 6x-histidine tag and the pETite vector 
recombination sequences. The DNA was resuspended in TE buffer to 50ng/µL and 
directly mixed with 25ng/µL of the pETite N-His SUMO Kan expression vector and 
DH5α transformation. 4 colonies were selected for plasmid isolation and sequence 
verification for transformation of Rosetta 2 DE3 expression cells. Each expression 
plasmid for the ARF DBDs was sequence-verified and are displayed in Figures 6a 
(ARF5), 7a (ARF16-2), and ARF8a (ARF8a). Sequence-verified expression plasmids 
were used in heat shock transformation of Rosetta 2 DE3 cells. Resulting colonies were 
then assessed for successful expression by small-scale expression assays for each ARF 
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DBD. Colonies strongly expressing each ARF in the small-scale expression analysis were 
stored as glycerol stocks until protein expression and purification was done.  
 
2.6.2 Bacterial expression of recombinant ARF DBDs 
Each expression construct was streaked for isolation and a single colony used for 
inoculating a 50ml sub culture of LB/kanamycin/chloramphenicol (0.05 and 0.02 mg/ml, 
respectively) media. This culture was incubated at 30oC while shaking at 200 RPM 
overnight. 500µL of this sub culture used to inoculate 350ml of 
LB/kanamycin/chloramphenicol (0.05 and 0.02 mg/ml). The flasks were incubated at 
37oC while shaking at 215 RPM until the cells reached an O.D600 of 0.75. The cells were 
induced for expression with 0.5mM IPTG (Cat# I2481C, Gold Biotechnology, MO) and 
incubated at 16oC overnight. The induced cells were harvested by centrifugation 
(centrifuge/rotor) at 6000 x g at 4oC for 20min and pellets stored at -80oC until 
purification.  
2.6.3 Protein purification 
Buffers were prepared per Appendix D, filter sterilized, and stored at 4oC until use. All 
purification steps were done at 4oC. The frozen cell pellets were thawed on ice and 
resuspended in 30ml of freshly prepared, cold lysis buffer (Appendix D, Table 6a). The 
cells were allowed to lyse overnight at 4oC and sonicated with a Branson 450 sonicator 
with the following conditions: 20% amplitude, 10sec on, 20sec off, 5min duration, on ice. 
The sonicated cells were centrifuged at 18000 rpm for 30min at 4oC using a Beckman 
Coulter Avanti J-E centrifuge (Beckman Coulter Genomics, MA). The cellular lysate was 
decanted into a pre-chilled 50ml Falcon tube and filtered using a syringe and 0.22µM 
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filter (Cat# 09-720-004, Fisher Scientific, CA) into a fresh Falcon tube. A single His-
Trap FF (Cat# 17-5319-01, GE Healthcare Life Sciences, WA) column was dedicated to 
each ARF and prepared by washing with 20ml of Type I water, cleared with 10ml of 
0.5M elution buffer (Appendix D, Table 6a), and equilibrated with 20ml wash buffer 
(Appendix D, Table 6a). The cellular lysate was bound to the column and washed with 
40ml of wash buffer. The washed sample was eluted in 1ml fractions using 20ml 250mM 
elution buffer (Appendix D, Table 6a). Individual fractions were run on SDS PAGE to 
check for purity. Fractions containing few contaminating proteins were pooled into 7ml 
and treated with SUMO Express Protease (Cat# 30801-2, Lucigen, WI) at 4oC overnight. 
If needed, samples were further purified with a HiLoadTM 26/60 SuperdexTM 200 prep 
grade FPLC column system. Fractions corresponding to the molecular weight of the 
ARFs were confirmed for purity using SDS PAGE and pooled together. The pooled 
fractions were exchanged into SPR buffer (Appendix D, Table 7a) by concentrating to 
10% of the starting volume and refilling to 15ml with SPR buffer using a 20ml Pierce 
Concentrator with a 10,000 molecular weight cut-off (Cat# 88513, ThermoFisher, CA). 
The sample was concentrated to 1ml and refilled to 10ml using SPR buffer and 
concentrated again to ~1mg/ml. The concentrated sample was diluted to either 0.8 or 
0.4mg/ml with Bio-Rad Protein Assay Dye Reagent Concentrate (Cat# 5000006 , Bio-
Rad, CA). Samples were divided into 100µL aliquots and flash frozen with liquid 
nitrogen. The samples were immediately stored at -80oC until use.  
2.7 Development of an accessible assay for ARF DNA affinity analysis 
In order to resolve ARF-DNA interactions, a centrifugation-based binding assay was 
developed. Prior to the assay, AuxRE sequences mimicking the binding sequences tested 
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by Boer et al (Boer et al., 2014) were ordered as primers (Appendix E). These oligos 
were resuspended in water to 100µM. Each double-stranded AuxRE target was generated 
by mixing equal volumes of the target’s complement sequences and placed in a beaker 
filled with 95oC water and allowed to cool to room temperature then storing at -20oC 
until use. The ARF and the AuxRE target in specified concentrations were combined in a 
small (20-50µL) binding volume in a 2ml microfuge tube and placed on a nutator set to 
24 RPM in a 4oC cold room for 1 hour and 15min. A slurry containing 5µL of GE High 
Performance Ni-NTA resin (Cat# 17-5268-01, GE Healthcare Life Sciences, PA) and 
175µL of SPR buffer was added to each tube and continued to incubate at 24 RPM for 
15min. The tube was centrifuged at 100 x g and 300µL of SPR buffer was added and 
mixed. The entire 500µL sample was transferred to a Pierce Spin Cup (Cat# 69702, 
ThermoFisher, CA) and centrifuged at 500 x g for 2min at 4oC in a swinging bucket 
rotor. The flow through was discarded and 500µL of SPR buffer was added to the column 
for further washing. The column was centrifuged at 500 x g for 2min and transferred to a 
fresh 2ml microfuge tube. 110µL of 0.5M EB (Appendix D, Table 6a) was added to the 
column and allowed to incubate for 10min. The column was centrifuged as previous and 
100µL of the flow through was transferred to a well of a black Corning microplate 
(Cat#3904, ThermoFisher, CA) containing 1µL of 100x SYBR Gold Nucleic Acid Stain 
(Cat# S11494, ThermoFisher, CA). The plate was incubated on a shaker set to 200 RPM 
for 15min at room temperature. Fluorescence was measured using a Biotek Synergy 2 
plate reader (Biotek, VT) at 485/520 excitation and emission at level 75 sensitivity. This 
process is summarized in Figure 17. 
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To evaluate if the assay can be an accessible procedure to commonly available lab 
equipment, the plate was also measured on a UVP High Performance UV 
Transilluminator and LiCor Odyssey Fc (Cat# 2800, Licor, NE). For the UV 
transilluminator measurement, the plate was exposed 0.386min on low UV intensity and 
captured with a Kodak Gel Logic 112 camera system. The plate image was saved as a tiff 
file and analyzed in ImageJ by selecting each well as a region of interest and its mean 
fluorescence collected (Figure 18). For the LiCor Odyessy Fc, the plate was exposed for 
2min with the 600 channel and the second-brightest image selected for analysis. The 
fluorescence intensity of each well was measured using the instrument software and 
delivered as a total fluorescence value (Figure 19). In all cases, t-test were carried out 
between the ARF and the no-protein control with an α=0.05.  
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Figure 17. Binding assay method used to evaluate ARF affinity to the DNA targets tested 
in this study. 
 
 
Figure 18. Method of quantifying the binding assay microplate on the UV 
transilluminator. 
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Figure 19. Collection parameters for the LiCor imaging of the binding assay microplate. 
 
2.8 Determining ARF dimerization state and heterodimer formation  
As the Arabidopsis thaliana ARF5 was demonstrated to dimerize in solution (Boer et al., 
2014), the dimerization state and potential for heterodimer formation for the ARFs 5, 
ARF8a, and ARF16-2 were of interest. ARFs were run through a native PAGE gel 
composed of a 4% stacking gel and 6% resolving gel with cold native running buffer 
(Appendix D, Table 7a). ARFs were run through the gel as native ARFs as well as 
denatured with SDS and heat treatment. Lastly, ARF5 or ARF8a were combined in equal 
parts with ARF16-2 and incubated at room temperature to observe potential 
heterodimerization. Native gels were run at 50 volts at 4oC for 4hrs. Additionally, 700μg 
of either 5 or ARF8a was combined with 700μg of ARF16-2 and run through the FPLC 
column at a flow rate of 5ml/min in 1X PBS (Appendix D, Table 7a). Each peak was 
collected and concentrated for mass spectrometry.  
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3. RESULTS 
3.1 ARF16-2 promoter is transcriptionally active in most nodule tissues  
Transgenic soybean roots harboring the ARF16-2promoter:GUS gene cassette were 
stained for GUS activity. Whole mounts and transverse sections of root tips, emerging 
lateral roots, and nodules were imaged to visualize tissue-specific gene expression of 
ARF16-2. We expected that ARF16-2 would have high expression in developing tissues 
and be expressed throughout all nodule development stages with reliance on miR160 to 
attenuate its expression for proper nodule maturation to occur. In 11/14 root tips 
analyzed, ARF16-2p:GUS was easily detectable in the epidermal layer and the 
underlying cortex cells, but highest GUS staining was present in the developing root stele 
(Figure 20. Transgenic soybean roots harboring a ARF16-2promoter:GUS fusion.a). In 
5/5 whole young lateral roots examined, ARF16-2p:GUS was detected in the 
meristematic zone of the developing organ, as well as the outer cortex and epidermal 
layers. Interestingly, ARF16-2 promoter activity appeared to be reduced in the developed 
root cap in most of the young lateral roots (4/5) but was clearly active in all cells of the 
primordium (b). Transverse root sections at sites of lateral root primordia revealed high 
ARF16-2 expression in all cells of the root stele (endodermis, pericycle, phloem, and 
xylem) and the dividing cells of the primordium with some expression in the surrounding 
undifferentiated cortex cells (c, 3/3 images). Longitudinal cross sections of 16 emerged 
lateral roots showed that ARF16-2 continued to be transcriptionally active in the 
elongating cells and developing vasculature as in root tips (d), but expression is 
eventually reduced at the root tip and in mature vasculature cells (e, 13/16 images). 
Nodule primordia showed a pattern of ARF16-2 expression similar to that in lateral root 
primordia, heavily localized to the dividing cells, root stele and some expression along 
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the edge of the emerging organ (f, 15/15 EN primordia imaged). As the nodule grows and 
emerges out of the root epidermis, ARF16-2 appears to be continually expressed in the 
differentiated cells and the root stele (22/22 images) but was shown to be reduced in the 
incoming vasculature (g, 2/22 EN had incoming vasculature). At the mature nodule stage, 
ARF16-2 is transcriptionally active in a diffused manner throughout the nodule 
parenchyma and root stele, but seems to have slightly reduced expression in the nodule 
vasculature and absent in the infection zone  (h, 11/15). In very mature nodules (6/15 
were considered very mature), the expression in the root stele is undetectable with respect 
to the parenchyma expression (i). While these investigations show ARF16-2 is 
transcriptionally active during the development of all root organs, it does not reveal its 
regulation by miR160.  
3.2. Expression of ARF16-2 in nodule tissues is fine-tuned by miR160  
To determine post-transcriptional regulation of ARF16-2 by miR160, expression of a 
ARF16-2promoter:NLS:tdT or ARF16-2promoter: ARF16-2 CDS:tdT fusions were 
compared in transgenic soybean roots and nodules. In principle, miR160 is expected to 
cleave the ARF16-2:tdT fusion mRNA, leading to a loss of signal compared to the 
NLS:tdT control. We expected the ARF16-2 promoter to be active in root tips and 
emerging nodules based on the promoter:GUS results above, but expected that the tdT 
signal would be reduced at the mature nodule stage based on results from previous 
miR160 sensor experiments. In root tips, both fusion constructs exhibited tdT signal and 
the expression pattern reflected the spatial distribution seen in the ARF16-
2promoter:GUS roots e.g. high expression toward the basal part of the root tip (Figure 
21a, b). However, the tdT signal for both constructs was not observed within the 
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vasculature of the root tip unlike what was observed for the promoter:GUS construct. 
This may be a consequence of the confocal lasers not being able to penetrate the root far 
enough to generate a signal from the core vasculature. Cross sections of emerging 
nodules harboring either construct showed maintenance of the tdT signal and the spatial 
expression pattern was in agreement with that of the ARF16-2promoter:GUS images 
(Figure 21c,d). While the tdT signal is conserved to fewer cells compared to the GUS 
images, it is apparent there is diffuse expression present in the undifferentiated root 
cortex cells, the root stele, and dividing primordium cells. In cross sections of mature 
nodules, it is apparent the ARF16-2:tdT fusion is significantly reduced compared to the 
NLS:tdT fusion (Figure 21e, f, g, h) which is expressing tdT primarily in the cells 
bordering the parenchyma and within the MN root stele. Quantification of the orange 
tdT:GFP colocalizing signal (Section 2.3.7) in a color threshold performed in ImageJ was 
used to validate these observations. A significant reduction of tdT signal in the CDS:tdT 
mature nodules vs NLS-TdT mature nodules was observed relative to GFP (Figure 22).  
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Figure 20. Transgenic soybean roots harboring a ARF16-2promoter:GUS fusion. 
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Figure 21. Representative images of root tip and hand-sections of emerging and mature 
nodules from transgenic soybean roots containing either ARF16-2promoter:NLS:tdT (a, 
c, e, g) or ARF16-2promoter: ARF16-2 CDS:tdT (b, d, f, h). g and h show zoomed in 
sections of e and f (respective) to better visualize tdT signal. Arrows indicate tdT signal.  
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Figure 22. Quantitation of tdT signal normalized to GFP at EN or MN stage. *=P<0.05, 
**=P<0.01. 
 
3.3 A miR160-resistant ARF16-2 influences nodule output  
To evaluate the specific influence of the miR160:ARF16-2 interaction on nodule 
development, the full length ARF16-2 CDS was mutagenized to introduce silent 
mutations in its miR160 binding site, maintaining the native peptide sequence but 
theoretically disrupting sequence-specific mRNA targeting by miR160. It was 
hypothesized that the miR160resistant ARF16-2 would lead to a similar phenotype seen 
in transgenic soybean roots expressing STTM160 (Nizampatnam, 2015) where more 
emerging nodules are produced, but their maturation is delayed. This miR160resistant 
ARF16-2 was introduced into soybean as a ARF16-2promoter: miR160resistant ARF16-
2:tdT fusion construct to closely reflect native ARF16-2 expression patterns. A nodule 
count done at 2 week DPI show no significant change in emerging nodule between the 
ARF16-2promoter:16-2 CDS:tdT fusion (1.49 ave nodules per root; ±3.78 SE) and the 
miR160resistant ARF16-2 (1.82 ave nodules per root; ±2.24 SE, (Figure 23a)). However, 
plants expressing the miR160-resistant ARF16-2 showed an increased number of 
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intermediate nodules (5.56 ave nodules per root; ±7.00 SE) compared to the control (1.74 
ave nodules per root; ±4.21 SE, (Figure 23b)). Interestingly, the average number of 
mature nodules was slightly higher in plants expressing the miR160resistant ARF16-2 
(3.51 ave nodules per root; ±8.08 SE) compared to the control (2.14 ave nodules per root; 
±6.12 SE, (Figure 23c)). Furthermore, the demographic of nodule types differed between 
these constructs. The native ARF16-2:tdT fusion displayed 27% EN, 32% intermediate, 
and 41% MN from a total of 183 nodules. In contrast, the miR160resistant ARF16-2:tdT 
fusion showed 17% EN, 51% intermediate, and 32% MN out of 294 nodules (Figure 24). 
This shows that the miR160resistant ARF16-2 indeed produced more nodules and the 
majority of them were intermediate. In addition, the propensity of MN for this construct 
was smaller compared the CDS:tdT fusion control. It was hypothesized that this was due 
to the increased maintenance of the miR160resistant ARF16-2 and a consequential 
displacement of auxin activity in the developing nodules. However, the expression levels 
between the ARF16-2:tdT and the miR160resistant ARF16-2:tdT fusions in uninoculated 
roots showed the inverse pattern, where the native ARF16-2 had increased expression 
levels compared to the miR160resistant ARF16-2. Interestingly, while the transgene 
primers showed a decrease in miR160resistant ARF16-2 compared to the control, the 
overall abundance of ARF16-2 transcripts in the uninoculated roots was much closer by 
comparison (Figure 25).  
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Figure 23. Nodule count results of 160resistant ARF16-2 compared to native ARF16-2 in 
different nodule developmental stages. *=P<0.05, **=P<0.01. 
 
 
Figure 24. Demographic of nodules compared to the native ARF16-2:tdT fusion and the 
miR160resistant ARF16-2:tdT fusion. 
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Figure 25. qPCR results comparing the native ARF16-2:tdT fusion to the 
miR160resistant ARF16-2:tdT fusion using primers to capture the expression of the tdT 
gene, the total ARF16-2 transcripts from the native plant expression and the transgenes, 
and the ARF16-2:tdT fusion, all normalized to actin. A key for the qPCR primer 
localization is featured below the qPCR data. 
 
3.4 DNA binding affinity of different ARF DBDs 
The specific affinity of the 10/16/17 repressor ARFs for AuxREs has not been 
established. The hypothesis that repressor ARFs outcompete activators for binding to 
AuxREs to block activator ARFs from generating an unlicensed auxin response was 
tested using in vitro binding assays. The DBDs of Arabidopsis thaliana ARF5 and 
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Glycine max ARFs ARF8a, ARF16-2, and ARF16-2G136H were purified from E. coli and 
their affinity for different AuxRE variants (Appendix E) was evaluated. Prior to the 
experiment, different quantities of the AuxRE target were tested and it was confirmed 
6μM of target was not a rate-limiting factor in the binding assay (Figure 26 and Figure 
30). As anticipated, both activator ARFs 5 and ARF8a showed a strong affinity for the 
characteristic TGTCTC (ER7) motif whereas ARF16-2 had very weak binding with 
saturating levels of DNA at 6μM (Figure 27a). Interestingly, ARF8a had over twice the 
binding strength than ARF5 which suggested differences in functional roles of individual 
ARFs for fine-tuning an auxin response. Mutagenesis of ARF16-2 for G136H did not 
enhance binding, suggesting this residue does not directly influence DNA-binding in 
ARF16-2 vs. the activator ARFs. In 2014, Boer et al. discovered that ARF5 has stronger 
affinity for the TGTCGG (ER7-GG) motif than the well-established ER7 (Boer et al., 
2014). Again, either the native or mutagenized ARF16-2 did not exhibit the strong degree 
of binding seen in the activators to ER7-GG, but it appears there is at least lower affinity 
for this target by the repressors (Figure 27a). Altering two nucleotides in only one of the 
TGTCTC motifs to TGTCAA severely diminished binding of the activator ARFs, but 
ARF8a still had relatively stronger binding than ARF5 (Figure 27a). This result 
emphasized the importance of a dimerized ARF for proper DNA binding and could 
provide a means of repression by repressor ARFs heterodimerizing with activator ARFs. 
The low affinity in either ARF16-2 DBDs persisted, but the reduction in binding for the 
activators correlates with the notion that activator ARF DNA binding is strengthened by 
dimerization through their dimerization domain.  
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Recently, a technique called DapSeq was developed as a high-throughput method to 
elucidate transcription factors and identified a potential motif for the A. thaliana ARF 16 
(O'Malley et al., 2016), referred to here as “ARF16 DapSeq target”. However, the ARF16 
DapSeq target sequence does not appear to share much conservation with the canonical 
AuxRE motif and its significance score was much lower compared to the activator ARFs 
and their affinity for TGTCTC. Regardless, since ARF16-2 did not appear to have 
affinity for the AuxRE and no other sequence leads were available, the ARF16 DapSeq 
target was also evaluated in the binding assay. Upon close inspection of ARF16 DapSeq 
target, it was noted that the sequence contained TGGCGG which seems to close resemble 
TGTCGG. This TGGCGG element was named “ARF16 DapSeq target2” and also tested 
with the DNA-binding assay. For ARF16 DapSeq target, ARF5 was the only DBD to 
have some affinity above the no-protein control, but at a much weaker affinity than for 
either ER7 or ER7-GG. The ARF16 DapSeq target2 motif is relatively similar to the ER7 
motif and while showing low binding affinity for the ARFs, 5 and ARF8a were 
exhibiting a similar pattern compared to the ER7 (Figure 27b). However, by comparison 
to the ER7 or ER7-GG, it likely would not have the binding affinity in vivo to elicit a 
transcriptional activation or repression. 
Based on the previous results, it was concluded that the mechanism of repression by 
ARF16-2 is unlikely to be direct competition for binding to AuxRE elements. The next 
hypothesis tested was that ARF16-2 might inhibit activator DNA binding by instead 
forming heterodimers and reducing the apparently necessary dimerization events of 
ARF5 and ARF8a seen by mutating one of the ER7 motifs of the ER7 target. To test this 
hypothesis, ARF16-2 was combined with either ARF5 or ARF8a in 1:1 or 1:2 ratios and 
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their affinity for ER7-GG was tested with the activator-alone controls. There was no 
significant repression by simply mixing ARF16-2 with the activators (Figure 27c), but it 
was suspected that the DBDs had already dimerized and locked themselves up from 
potential heterodimization (Boer et al., 2014). To promote DBD dimer-dissociation, the 
ARFs were again combined and dialyzed into a solution of 8M urea and dialyzed back 
into the native SPR buffer. This treatment led to precipitation of the ARFs, so a 2.5M salt 
treatment was attempted as an alternative. The high salt treatment and addition of 
ARF16-2 did not appear to have an effect on the activator binding activity in either a 1:1, 
1:2, or 1:5 combination of ARF16-2:activator with either ER7-GG or ER7 (Figure 27d). 
However, Boer et al. demonstrated ARF DBDs have a split equilibrium of 
dimer/monomer in solution and this alone should have given ARF16-2 sufficient chance 
to heterodimerize with the activators if it was able. Alternatively, it could be possible that 
ARF heterodimers of activator and repressor are still able to bind the DNA but repression 
occurs by the ARF repressor blocking SWI/SNF or recruiting TPL and HDAC. To 
answer this question of ARF heterodimerization, protein-interaction studies such as Y2H, 
FRET, and BiFC are likely necessary for both the DBDs and full-length ARF proteins. 
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Figure 26. Validation of 6μM target is not rate-limiting to protein amount. 
 
Figure 27. Affinity of ARF DBDs for different AuxRE variants and in combination with 
ARF16-2. *=P<0.05, **=P<0.01 relative to no-ARF 
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3.5 Dimerization state of ARF DBDs 
To evaluate if ARF heterodimerization occurred in the above samples, Native PAGE and 
FPLC were used to analyze the dimerization state of the ARFs and propensity of dimers 
vs. monomers. For the native PAGE, equal amounts of each ARF was run by themselves 
or combined in activator/16-2 mixtures. It was hypothesized that the activator ARFs 
would dimerize and migrate through the gel more slowly than a denatured or a 
monomeric ARF. ARF16-2 migration would be compared to the activator and denatured 
ARF to determine if it behaves as a monomer or a dimer. Unfortunately, ARF5 did not 
enter the gel, likely due to its high pI (Figure 28). ARF8a did enter the gel and compared 
to ARF16-2, it appeared to migrate at half the speed, suggesting ARF8a is acting as a 
dimer and ARF16-2 behaves as a monomer. Additionally, ARF16-2 migrated to the same 
position as a denatured, monomeric ARF. Since it appeared ARF16-2 does not 
homodimerize, it was hypothesized that its primary function may be to form 
heterodimers. However, when combining 5 or ARF8a in equal portions with ARF16-2, 
there are two distinct bands in the ARF5 or ARF8a/16-2 combinations, likely the ARF8a 
dimer and the ARF16-2 monomer (Figure 28). This indicates that ARF5 and ARF8a were 
unable to sequester the ARF16-2 into a slower-migrating heterodimer complex compared 
to the ARF16-2 monomer. While these results suggest that heterodimerization does not 
occur in the native PAGE, the conditions of the gel experiment may be too poor to allow 
proper heterodimerization. To investigate this possibility, each ARF was also run through 
FPLC by themselves and mixed as activator/16-2 combinations. During FPLC, ARF5 and 
ARF8a primarily elute at fractions 66-80 (orange rectangle) and appear to exist as dimer 
and monomer (Figure 29a, b). Other peaks are present, but they are either aggregates 
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(brown rectangle) or devoid of protein (light blue rectangle). However, ARF16-2 elutes at 
fractions 42-52 (Figure 29c, yellow rectangle) suggesting that a potential “hybrid peak” 
between these fractions could indicate a heterodimer. Indeed, when combining either 
ARF5 or ARF8a with ARF16-2, a peak between the activator and ARF16-2 fractions at 
fractions 61-66 was observed and may be the hybrid peak of interest (Figure 29d, e, red 
rectangle). However, it is worth mentioning the ARFs elute much later from the FPLC 
than expected. The peak around fractions 20-30 is an aggregate of the ARF and 
contaminating proteins (Figure 29, f) while the pure ARFs elute much later than their 
anticipated time. Mass spectrometry analysis of the collected fractions for protein 
identification will likely provide more insight into the contents of the ARF homodimer 
and suspected heterodimer peaks.  
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Figure 28. Native PAGE for native BSA, ARF 5, ARF8a, and ARF16-2 (1-4), denatured 
BSA and ARF16-2 (5-6), ARF5 and ARF8a combined with ARF16-2 (7-8, respective), 
and ARF5 and ARF8a combined. 
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Figure 29. FPLC peak profiles for ARF16-2 (a), 5 (b), and ARF16-2 and 5 combined (c). 
d represents the concentrated samples of each peak for a and b (ARF5 and ARF16-2 
alone) showing ARF16-2 localizes at fractions 41-54 and 5 localizes at fractions 64-73. e 
represents the SDS PAGE from the ARF5/ARF16-2 combined FPLC run (c). Colored 
rectangles on the FPLC peak correspond to its lane on the SDS PAGE. 
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3.6 Correlation of binding assay between different platforms 
While the binding assay developed for this study used a plate reader to measure DNA 
binding as a function of fluorescence, its utility with more accessible instrumentation was 
also investigated. Once it was determined that the activator ARFs bind the ER7 and ER7-
GG in a strongly detectable manner with quantitative differences, the different ARFs 
were used in a gradient series to test the sensitivity and accuracy of more common 
imaging platforms. Different amounts (1, 2, and 5μg) of each ARF was used in a binding 
assay with saturating concentrations (6μM) of either ER7 or ER7-GG. The resulting 
eluents were successively imaged on a UV transilluminator, LiCor Odyssey imager, and 
Biotek plate reader. In other words, we attempted to measure the amount of DNA present 
in each sample using the three different systems. As demonstrated in  
Figure 30, there is a strong correlation in the general trend of the ARF binding as their 
concentration increases. Correlation was evaluated between the platforms for each ER7 
target separately and demonstrated at least 94% correlation between targets (Table 1). It 
appears that the plate reader is the most consistent and accurate platform for collecting 
the fluorescence data. Importantly, it is more adept at discerning small differences at low 
fluorescence levels seen in the ARF quantities from 1 and 2μg with ER7, the weaker-
binding oligo. In this case, it may be able to extrapolate the amount of protein and DNA 
to determine approximate binding equilibrium. By comparison, it would likely be 
difficult to distinguish weaker-binding targets such as the ER7-single-mutation motif 
with low amounts of protein in the other platforms. However, 5μg of protein and higher 
is certainly an attainable quantity and could supplement weak binding with the addition 
of more DNA target.  
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Figure 30. Fluorescent outputs of the various platforms.  
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Table 1. A correlation matrix demonstrates the high degree of similarity between these 
approaches. Correlation analyses for same targets are highlighted. 
  
 
Plate ER7  combined LiCor ER7 UV ER7
Plate ER7  1
LiCor ER7 0.963170527 1
UV ER7 0.969690621 0.936133228 1
Plate ER7-GG LiCor ER7-GG UV ER7-GG
Plate ER7-GG 1
LiCor ER7-GG 0.95911935 1
UV ER7-GG 0.957946174 0.978406651 1
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4. DISCUSSION 
4.1 Transcriptional localization of ARF16-2 
While ARF16-2 appears to be expressed throughout all stages of root and nodule 
development and is not exclusive to a tissue type, its expression intensity appears to 
correlate with the amount of cellular division or differentiation. In root tips, the levels of 
ARF16-2 were certainly detectable in the epidermis and the underlying cortex cells, but 
there is clearly more intense staining toward the root apical meristem (RAM). In addition, 
ARF16-2 appears to congregate along the root’s central vasculature, both toward the root 
tip (Figure 20a) and in the mature region of the root (Figure 20b). This pattern is 
interesting and it seems to correlate with the movement of auxin as it is transported 
through the root. While the confocal imaging did not resolve transcriptional activity of 
ARF16-2 in the vasculature, there is certainly a congregation of signal close to the root 
meristem. Interestingly, ARF16-2 does not seem to congregate directly with auxin 
activity in the root tip, but more in the tissues surrounding the meristematic region where 
auxin localizes in DR5:tdT roots (Figure 31a, (Turner et al., 2013)). From this 
distribution, ARF16-2 could function as a means of mediating proper auxin activity once 
it exits the meristematic region. As reviewed by Jan Petrášek and Jiří Friml, auxin moves 
towards the root tip acropetally via a cell-to-cell transporter primarily made of AUX and 
PIN proteins in the vascular parenchyma and eventually concentrating in the quiescent 
center (Petrášek, 2009). From this point, auxin is shuffled laterally toward the elongation 
zone and down into the root cap. The transport into the elongation zone continues along 
the maturing root tissue through the epidermis and cortex cells, completing a distribution 
pattern that resembles an inverted umbrella with auxin concentrating in the RAM. 
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Perhaps ARF16-2 is responsible for preventing auxin from inducing an unlicensed 
response as it is transported through the root. This pattern is reflected in lateral root 
primordia where a concentration of auxin sponsors a new meristem and as it develops, 
the auxin is again shuffled from the quiescent center into the cortex and epidermis. 
However, in this case, ARF16-2 more closely associates with auxin as it is involved in 
organogenesis. In both lateral root primordium and nodule primordium, ARF16-2 reflects 
auxin’s activity, heavily expressing in the meristematic zones and expressing less in the 
developed cortex and epidermis cells surrounding the meristematic zones, generating a 
lateral gradient that likely channels back into the root. It appears the ARF16-2 plays a 
similar role between the lateral root and nodule primordia in getting the organ started but 
as the organs penetrate the epidermis, their expression pattern begins to diverge. In 
emerged lateral roots, vasculature begins forming rather quickly and ARF16-2 expression 
seems to be devoid in this region. In addition, expression decreases in the newly 
developed root cap and cortex cells surrounding the young vasculature while it is 
maintained in the root stele. In emerging nodules, the expression of ARF16-2 is still 
diffuse, likely because the organ is still undergoing more cellular division than 
differentiation (Figure 31b). At this stage, ARF16-2 appears to overlap with the auxin 
activity resolved by DR5:GUS transgenic soybean emerging nodules. DR5:GUS is a 
promoter:GUS construct where the synthetic DR5 promoter is composed of tandemly 
spaced TGTCTC motifs designed to generate GUS activity in response to auxin 
perception. Like DR5:GUS, ARF16-2 is expressed diffusely in the emerging nodule as 
well as its root stele. ARF16-2 expression in the vascular strands appears to be reduced as 
it is in developing vasculature of the emerging lateral roots, but cells surrounding the 
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vascular tissue still express ARF16-2 as in the root stele of these organs. The upkeep of 
expression in the root stele during the development of these organs is certainly interesting 
and may have implications for mediating the auxin activity in cells residing in the path of 
the acropetally-transported auxin.  
The expression of ARF16-2 in mature nodules is certainly intriguing and supports the 
hypothesis that miR160 is responsible for adjusting ARF16-2 levels to mediate auxin 
sensitivity for proper nodule maturation. However, ARF16-2 does not overlap entirely 
with auxin activity resolved by DR5:GUS mature nodules. In mature nodules, DR5:GUS 
accumulates diffusely in the root stele but closely associates with vasculature tissue 
within the nodule tissue itself (Figure 31c). It was anticipated that ARF16-2 would 
maintain its overlap with the DR5:GUS pattern, but instead, ARF16-2 is expressed 
throughout the entire nodule parenchyma. Additionally, ARF16-2’s expression in the 
nodule vasculature is similar compared to its expression in the parenchyma but in some 
cases, it is significantly reduced in the vascular strands. The divergent distribution of 
these reporters suggests auxin’s role in nodules might extend beyond vasculature 
development and has implications for the nodule parenchyma and cortex cells. It could be 
that the nodule parenchyma and cortex cells switch from division to expansion, probably 
by miR160 to trigger auxin-mediated acid growth. However, the nature by which these 
reporters overlap is contradictory to the activator/repressor ARF dynamic. While ARF16-
2 aligns with DR5:GUS activity in the root vasculature and nodule primordium, their 
overlap is suggestive that ARF16-2 aids in mediating auxin for a fine-tuned response and 
other components of the auxin signaling pathway.  The basis of this theory is how the 
DR5:GUS promoter functions. As it is composed of tandem TGTCTC motifs, its output 
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will be controlled by the ARF activators binding the DNA as well as de-repression from 
the Aux/IAA repressors mediated by auxin and its formation of the SCF/TIR1/auxin 
complex. If repressor ARFs like ARF16-2 negate the activity of activator ARFs 
regardless of auxin presence and are expressed at the same time as activator ARFs, the 
DR5:GUS activity should theoretically be blocked. However, it is clear that both 
DR5:GUS and ARF16-2 are active during emerging nodules and our lab previously 
demonstrated miR160 levels are low at this stage, allowing ARF16-2 to be translated. In 
this case, even if auxin is sponsoring de-repression of the activators by targeting the 
Aux/IAA repressor, repressor ARFs such as ARF16-2 should still be able to block 
activator ARF activity and curb DR5:GUS output. Clearly, with the persistence of 
DR5:GUS expression show the other components of the auxin-signaling mechanism and 
their respective expression levels need to be considered. It could be that ARF16-2 overlap 
with DR5:GUS may suggest the repressor ARFs assist in quickly quenching the auxin 
response as auxin becomes unavailable to the cell by less uptake or internal auxin 
synthesis.  
 
  
Figure 31. DR5:GUS activity in soybean root tip (a, (Turner et al., 2013)) emerging 
nodules (b) and mature nodules (c) 
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4.2 Spatiotemporal interaction of ARF16-2 with miR160 
While the tdT fusion constructs closely reflected the transcriptional activity seen by the 
promoter:GUS reporter, there were some differences between the constructs. In the root 
tip, the tdT signal was concentrated toward the root tip and expression in the epidermis, 
cortex, or vasculature of the elongation zone was not detectable. However, this may be a 
consequence of the nuclear localized expression of the reporters as well as the penetration 
limitations the confocal lasers faced when examining such deep root tissue. To explore 
expression at such depths, cross sections or two-photon microscopy would likely be 
necessary. Once it was established the reporters were functional and correlating with the 
previous expression patterns, they were applied to investigate in what tissues miR160 and 
ARF16-2 were interacting by observing retention or loss of tdT signal comparing the 
ARF16-2 CDS:tdT fusion to the NLS:tdT fusion. When quantifying the colocalizing 
GFP/tdT signals, the ARF16-2 CDS:tdT fusion had significantly higher tdT signal 
compared to the NLS:tdT fusion at the EN stage. This clearly demonstrates ARF16-2 is 
not being targeted during the EN stage and the increase in fluorescence may be a 
consequence of the ARF16-2:tdT protein fusion persisting in the cell longer than the 
NLS:tdT fusion. This result correlates with previous results showing auxin activity is 
relatively low in EN of determinate nodules and suggests that ARF16-2 maintenance 
might contribute to the auxin suppression at this stage (Turner et al., 2013). However, at 
the MN stage, there was a drastic reduction in the observable ARF16-2 CDS:tdT fusion 
compared to the NLS:tdT fusion. Quantification of the colocalizing GFP/tdT signals 
demonstrated a significant reduction in this signal, suggesting miR160 is targeting 
ARF16-2 at this stage. It was interesting to note that there appeared to be a “blanket” 
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suppression of ARF16-2 and the visual difference between the ARF16-2 CDS:tdT and 
the NLS:tdT fusion is almost binary. When investigating spatiotemporal activity of 
miR160 using a GFP sensor containing a miR160 binding site, a similar phenomenon was 
observed. At the EN stage, there is almost no difference in the amount of GFP between 
the miR160 GFP sensor and the normal GFP (Figure 32). However, at the MN stage, 
there appears to be a complete abolishment of the signal. Future studies with a time 
course to capture the intermediate nodule stages between EN and MN in either of these 
constructs may provide insight as to whether miR160 originates from a specific point and 
gradually increases its expression through maturing nodules or if it is suddenly activated 
at a specific point for all cells in nodule development. Regardless, the miR160: ARF16-2 
interaction is clearly important as ARF16-2’s promoter is still active at the MN stage. 
This mechanism likely provides a controlled means of transmitting a powerful auxin 
response to drive nodules to maturity. The functional relevance of auxin at such a late 
stage of organ development is likely to sponsor the formation of vascular tissue, a role 
auxin is known to play in plant development (Hardtke, 1998; William G. Hopkins, 2009). 
Indeed, serious vasculature development does not appear until after the nodule has 
emerged, and in soybean, auxin accumulates exclusively about the vasculature strands of 
14 DPI nodules. This suggests ARF16-2 plays a role aside from suppressing vasculature 
development and the miR160 interaction in the nodule cortex and parenchyma exclusive 
from the vasculature could suggest miR160 sponsors an auxin response in cells that auxin 
is not readily transported to. To date, PIN proteins are known to be involved in nodule 
development of Medicago truncatula (Huo, 2006), but their localization with nodules are 
unknown. If PIN proteins are not expressed in later stages of nodule development, 
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miR160 may be an important driver for sponsoring auxin activity in lieu of it being 
transported. As described earlier, repression of ARF16-2 by miR160 could induce auxin 
activity in the parenchyma and generate an auxin action such as acid-mediated growth. It 
was also demonstrated previously that suppressing miR160 activity in soybean nodules 
by STTM delayed their maturity, likely because of less vasculature forming as a 
consequence of less auxin activity (Nizampatnam, 2015). This work demonstrated by 
Nizampatnam et al. was extrapolated in this study and a similar experiment carried out to 
investigate ARF16-2’s individual involvement in nodule development. It was 
hypothesized a similar phenotype from the STTM160 roots would be observed in plants 
expressing the mutagenized ARF16-2 as it would theoretically compromise miR160 
function. Interestingly, the number of emerging nodules was not significantly different 
between the two constructs. However, plants expressing the miR160resistant ARF16-2 
exhibited a significantly higher number of intermediate nodules and mature nodules 
compared to the native ARF16-2 control. While these results appear to disagree with the 
phenotype exhibited in roots expressing STTM160, combining the EN and intermediate 
nodules for each construct and comparing their propensity to the number of MN for that 
construct show a difference in nodule demographic between the two constructs. The 
native ARF16-2 has 27% of its nodules being EN, 32% being intermediate, and 41% of 
its nodules being MN. In contrast, the miR160resistant ARF16-2 has 17% of its nodules 
being EN, 51% being intermediate, and 32% being MN stage. To investigate the 
expression activity of the influence of these transgenes, the gene expression for the tdT 
sequence, native ARF16-2 sequence, and ARF16-2:tdT gene fusion was evaluated in 
whole, uninoculated transgenic roots. It was anticipated the miR160resistant ARF16-2 
84 
plants would have higher expression by all three cDNAs quantified. Interestingly, the 
expression levels from the transgene primers were significantly higher for the native 
ARF16-2:tdT fusion compared to the miR160resistant ARF16-2:tdT fusion. However, 
primers amplifying only the ARF16-2 CDS (plant and transgene ARF16-2 sequences) 
were comparable between the constructs. This could suggest that the durability and 
accumulation of the miR160resistant ARF16-2 protein generated a feedback-inhibition, 
potentially quenching the transgene’s promoter activity. The decrease in the total ARF16-
2 expression between the native and miR160resistant ARF16-2 could also be explained 
by this hypothesis as the plant would have its own levels of ARF16-2 expression 
hampered by an accumulation of successfully translated miR160resistant ARF16-2 
transcripts. It is interesting to note that while the mechanism for this experiment did not 
function as expected, it appears to influence nodulation in a less drastic manner than 
inhibiting miR160 activity and indicates total suppression of the ARF repressor family in 
a blanket fashion by miR160 is critical for proper nodule maturity. It seems that while the 
miR160resistant ARF16-2 plants have more nodules due to displaced ARF16-2 
expression, a greater proportion of these nodules are still in early stages of nodule 
development compared to plants expressing the native ARF16-2, suggesting nodule 
maturity may be delayed and correlating with the trend observed in plants expressing 
STTM160. The increased number of nodules may be a consequence of only interrupting 
one of the nine soybean ARF repressors targeted by miR160 and is suggestive of the 
importance of a precise and fine-tuned auxin activity during nodule development. This 
certainly supports the different expression levels of the other miR160 targets during 
nodulation. These different expression levels could also suggest the activator ARFs are 
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also expressed at different levels and considering their diverse affinity for TGTCTC 
targets, may combine to generate a massive potential for the activity range auxin can 
have in a cell.  
 
Figure 32. miR160 sensor data from Nizampatnam et al. Nodules are outlined. 
 
4.3 DNA binding affinity and dimerization state of ARF16-2  
As a target of miR160, it seems logical that ARF16-2 is consequentially involved in 
suppressing auxin activity and likely does so by inhibiting a component of the nuclear 
auxin signaling pathway. Based on its affiliation with the ARF transcription factor 
family, it was hypothesized to have some interaction with the conserved DNA AuxRE 
motif found in the promoters of several auxin responsive genes. Specifically, it was 
assumed that ARF16-2 would have higher affinity for AuxRE motifs and can outcompete 
activator ARFs for their transcriptional binding sites. However, for multiple AuxRE 
targets, it appears ARF16-2 is unable to outcompete activator ARFs for the canonical 
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AuxRE motif. A potential reason for this is that the domain architecture of the repressor 
ARFs is not as similar to the activators as was assumed when they were cloned and 
downstream residues important for ARF16-2 DNA binding function may have been left 
out. Additional insight into the dimerization domains of the DBD would be worth 
investigating, but it is apparent the ARF16-2 theoretical DBD does not have strong 
affinity for the AuxRE motifs. When the affinity for an AuxRE containing only one 
TGTCTC motif was demonstrated to be poor for all DBDs, it was hypothesized that 
instead of ARF16-2 competing for the AuxRE, the repressor ARFs may form 
heterodimers with the activators and disrupt their capacity to bind palindromic AuxREs. 
When mixing either activator with ARF16-2 in increasing concentrations however, it was 
clear that simply the presence of ARF16-2 is not enough to disrupt ARF5 or ARF8a 
binding to the AuxREs. Even attempts at dissociating the ARFs into monomers with high 
salt treatment so there would be more chance of heterodimer formation did not interrupt 
AuxRE binding. From these results, there may be two likely scenarios for ARF16-2 
function. First, repressors like ARF16-2 may heterodimerize with activators and this 
event could confer a conformational switch in the ARF16-2 monomer that grants it 
affinity to the AuxRE. However, in forming a heterodimer with an activator, this complex 
may be compromised in its ability to recruit SWI/SNF remodelers or the repressor itself 
could recruit its own transcriptional repressors. Alternatively, the repressor ARFs have a 
DNA motif exclusive to the activator ARFs and further target testing or analyses such as 
ChIP-Seq would be necessary to elucidate a binding site for these repressors. Lastly, one 
cannot rule out the possibility that other transcription factors interact with ARF16-2 to 
mediate its binding or repressing function. 
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In addition to binding DNA different from the activator ARFs, native PAGE and different 
elution times from FPLC are yet inconclusive the ARF16-2 predicted DBD does not 
dimerize in the same manner as the ARF5 or ARF8a. So far, it could be that the repressor 
ARFs function in a different manner than the homodimerizing activator ARFs or that the 
region of ARF16-2 that was cloned and purified left out some peptides necessary for 
dimerization and possibly, DNA binding. As of now, more sophisticated analyses on the 
propensity of ARF repressors to homodimerize or form heterodimers are needed, but this 
study has generated substantial evidence that the ARF family is more complex than 
assumed at the beginning of this study.  
4.4 Utility of a binding assay using common lab equipment 
To examine the DNA binding affinity of the ARFs studied in these experiments, an 
accessible and inexpensive assay was of interest to develop. In many circumstances, 
instruments such as surface plasmon resonance, ITC, or Y2H demand a lot of monetary 
resources or time to achieve results for molecular interactions. Even relatively 
inexpensive methods such as EMSA are slow, demand troubleshooting, and may 
introduce harsh conditions that do not capture the true activity of the sample being 
studied. For this project, work from Chakravatry et al. inspired the development of an 
efficient, affinity-based binding assay using an affinity resin. In their original work, 
Chakravarty et al. employed GST-tag affinity to pull down interacting protein complexes 
and reporter molecules fused to proteins of interest to fluorescently quantify interaction 
affinity (Chakravarty, 2015). This principle of affinity-based pulldown of protein 
complexes was extrapolated to assess protein-DNA interactions while generating the 
flexibility of inexpensively testing multiple unlabeled targets with a uniform dye. The 
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procedure for the assay that was developed is demonstrated in Figure 17, but 
troubleshooting was necessary to reach a coherent and efficient assay. Initially, the 
incubated ARF/DNA combination was mixed with the affinity resin in microfuge tubes 
and washes were performed as described in Chakravarty et al. Unfortunately, the affinity 
resin’s nature of not completely settling after centrifugation led to pipette-induced error 
and led to inconsistent results. In many occasions, the resin itself was extracted and 
would diminish or incorrectly increase the resulting fluorescence. The application of 
cellulose acetate filters remedied this problem and generated an unbiased, consistent 
platform to wash and elute ARF/DNA complexes by centrifugation. These filters have a 
smaller pore size than the nickel affinity matrix, supporting the affinity resin while 
allowing wash buffers to pass through. If their pore size is compatible, these spin 
columns are likely extendible to other affinity resins. While these filters slightly increase 
the cost of the assay, their consistency and reliability justify the relatively small 
expenditure. In addition, the assay was initially performed with fluorescently labeled 
oligos specially-ordered from IDT. However, this approach is not feasible to testing 
several targets or pursuing exploratory DNA-affinity studies as they are more expensive 
than normal oligos. As an alternative, the DNA targets were ordered as complement 
molecules like primer sequences and fused together by quick heating and slowly 
returning to room temperature, allowing the formation of a dsDNA molecule. This target 
was then used in the centrifugation-based binding assay and instead of a modified DNA 
generating fluorescence, a highly sensitive sequence-specific DNA-dye such as SYBR 
Gold was employed to cheaply, but reliably and reproducibly test multiple DNA targets. 
In addition, this dye is compatible with several imaging platforms below the price 
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spectrum of a plate reader. As demonstrated in this study, a UV transilluminator, a staple 
for molecular biology labs, is all that is necessary to gauge relative binding affinity. In 
addition, while the UV transilluminator and Licor Odyssey imager were not as efficient 
as the plate reader in discerning fluorescence differences at smaller values, they were still 
able to generate a trend for binding affinity with respectable consistency and high 
correlation. While this method allowed our lab to test many targets with little concern of 
expense, there are many ways this assay could be extended to other uses. For example, 
instead of testing protein affinity for DNA, protein-protein interactions could also be 
studied by using a protein with an affinity tag to capture other native proteins and 
quantifying the protein amount as a means of affinity. In addition, if enough genomic 
DNA is available, a method similar to DapSeq (O'Malley et al., 2016) could be employed 
where fragmented genomic DNA could be bound with the protein of interest, the 
unbound fragments washed away, the resulting DNA/protein complexes eluted, and the 
unknown binding sites resolved by adapter ligation, PCR, and sequencing. The assay 
could also be performed in a higher throughput manner by which several small-scale 
protein purifications are performed using the column and resin, but skipping the final 
protein elution step and proceeding directly with the binding assay. Furthermore, this 
assay could be accessible for teaching labs, demonstrating to students the specificity of 
molecular interactions and how they translate to cellular regulation.  
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5. CONCLUSIONS 
This work demonstrates ARF16-2 is involved in organogenesis and differentiated tissues, 
its expression relies on miR160 for proper attenuation, and it has a different DNA-
binding activity than activator ARFs. 
5.1 Transcriptional regulation 
 ARF16-2 is heavily expressed in meristematic zones and differentiating cells in soybean 
root tips, lateral roots, and root nodules. As these organs mature, ARF16-2’s localization 
appears to adjust depending on the tissue. In addition, miR160 acts on ARF16-2 most 
apparently in mature nodules, correlating with known miR160 expression patterns. 
5.2 ARF16-2 influence on nodule output 
Adjusting ARF16-2 expression appears to influence nodule output. Decreasing ARF16-
2’s theoretical susceptibility to miR160 seems to lead to increased nodule output and a 
displaced demographic of nodule maturity.  
5.3 ARF16-2 DNA binding and dimerization activity 
The ARF16-2 DBD also binds DNA differently than the activator ARFs and an alternate 
DNA target or role for ARF16-2 (and repressor ARFs in general) has yet to be identified. 
The ARF16-2 DBD appears to function as a monomer as opposed to the dimeric state of 
the activator DBDs, but further experiments to elucidate heterodimerization or novel 
binding sites are needed. 
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APPENDIX A. Plant nutrient solutions 
Table 1a. Composition of micronutrients 
Micronutrients (10000x) g/100ml 
H3BO3 0.142 
MnSO4-H2O 0.077 
ZnSO4-7H2O 0.173 
CuSO4-5H2O 0.037 
NaMoO4-2H2O 0.024 
CoCl2-6H2O 0.0025 
NiSO4- 0.001 
 
Table 2a. Composition of Hoagland solution 
Chemical Concentration (mM) 
Ca(NO3)2  •  4H2O 5.389421978 
MgSO4 • 7H2O 2.02864446 
KNO3 4.945500584 
KH2PO4 0.989080434 
NAFeEDTA 0.08903732 
Micronutrients 1x 
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Table 3a. Composition of nitrogen-free plant nutrient solution 
Chemical Concentration (mM) 
MgSO4 • 7H2O 0.5 
CaCl2 • 2H2O 2 
K2HPO4 • 3H2O 0.15 
K2SO4 1.2 
FeCl3 0.025 
Micronutrients 1x 
 
 
 
APPENDIX B. Molecular cloning  
Table 4a. Primers used in generating vectors
 
Name Primer Sequence (5'-3')
ARF 16-2p Fp ATATTAAGCTTCCTTTTCTTATTACTATATGATCTGTGC
ARF 16-2p Rp ATATTCCTGCAGGGTAAAGCAATACACAATGTGTTAACAT
ARF 16-2p Middle Fp GGGACGAAAATTTTCTTCATC
ARF 16-2p Middle Rp TTGCTTAATTACATCGCATGG
ARF 16-2 CDS Fp ATATTCCTGCAGGGGCGCGCCATGTTTATGGTTATGGATTCAGCAG
ARF 16-2 CDS Rp ATATTCCTGCAGGGTAAAGCAATACACAATGTGTTAACATTGTCAG
MycDam Fp ATATTCCTGCAGGGAACAGAAACTCATCTCTGAAGAGGATCTGGC
DamRp ATATTCGATCGTTATTTTTTCGCGGGTGAAACGACTCCTG
VGE Fp CTAGCAAGACGTCCAGAAGGTAAT
VGE Rp GTCCTCTCCAAATGAAATGAACTTCC
pETite ARF 16-2 DBD Fp CGCGAACAGATTGGAGGTATGTTTATGGTTATGGATTCAGCAG
pETite ARF 16-2 DBD His Rp GTGGCGGCCGCTCTATTAATGATGATGATGATGATGGACTAGTTCAACCAGCCAAGG
ARF 16-2 CDS DBD SDM Fp TGCAAACAATcatGGAGGCTTCTCAG
ARF 16-2 CDS DBD SDM Rp TCAGATTGTGTGAGAGTC
ARF 16-2 CDS 160res SDM Fp gtgcaagaCATGCTCAATTTGGACTATC
ARF 16-2 CDS 160res SDM Rp cttgtattCCTCCAGAACTATTACTATC
 pETite ARF5 DBD Fp CGCGAACAGATTGGAGGTATGATGGCTTCATTGTCTTGTGT
pETite ARF5 DBD His Rp GTGGCGGCCGCTCTATTAGTGATGGTGGTGATGATGCGGTGTTTCGATATCCCATG
pETite 8a DBD Fp CGCGAACAGATTGGAGGTATGAAGCTTTCAACATCAGGGTTGG
pETite 8a DBD His Rp GTGGCGGCCGCTCTATTAATGATGATGATGATGATGTAAAGGCTCAATTTCCCATAATGATACC
NLS Fp GAAGAGCAAGCAAGGAAAGCTAAG
NLS Rp CTCTTCTTCTTGATCAGCTTCTGTGTC
102 
 
 
Figure 1a. Vector map of ARF16-2 promoter driving GUS expression and sUbi:GFP  
 
Figure 2a. Vector map of ARF16-2 promoter driving NLS:tdT fusion expression and 
sUbi:GFP 
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Figure 3a. Vector map of ARF16-2 promoter driving ARF16-2 CDS:tdT fusion expression 
and sUbi:GFP 
 
 
 
Figure 4a. Vector map of ARF16-2 promoter driving miR160resistant ARF16-2 CDS:tdT 
fusion expression and sUbi:GFP. The mutated binding site is to the right.  
 
Figure 5a. Vector map of VGE element driving NLS or ARF16-2:Dam fusions 
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Figure 6a. Vector map of SUMO pETite for Arabidopsis thaliana ARF5 DBD 
 
Figure 7a. Vector map of SUMO pETite for Glycine max ARF16-2 DBD 
 
Figure 8a. Vector map of SUMO pETite for Glycine max ARF8a DBD 
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APPENDIX C. Primers used in qPCR 
 
 
APPENDIX D. Composition of buffers 
Table 5a. Composition of GUS staining buffer 
GUS Buffer (1L) GUS Staining Buffer 
100ml 1M KPO4 buffer 100ml 1M KPO4 buffer 
3.7g Na2 EDTA 3.7g Na2 EDTA 
Potassium ferricyanide 210 
mg  
Potassium ferricyanide 210 mg  
Potassium ferrocyanide 170 
mg  
Potassium ferrocyanide 170 
mg  
 
0.1% Triton X-100 
 
0.5mg/ml X Gluc 
 
 
 
 
Name Primer Sequence (5'-3')
tdT Fp CGAGGACGGTGGTTTGGTTA
tdT Rp CTCGCCCTTCAACACTCCAT
16-2 Fp TACACCAACTCTCTTTGCACCATTC
16-2 Rp CCACCTAGAAGCATGTCTGCTG
Fusion FpTCCCTGGTACAAGGACCAAC
Fusion RpTCACCCTTGGAAACCATCCTG
Actin Fp CCGGTCGTGACCTCACTGATTTCTTG
Actin Rp CATCAGGCAACTCGTAGCTCTTCTCG
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Table 6a. Composition of protein purification buffers 
Lysis Wash Buffer Elution Buffer 
(250mM) 
Elution Buffer 
(500mM) 
50mM Sodium 
Phosphate Buffer 
50mM Sodium 
Phosphate Buffer 
50mM Sodium 
Phosphate Buffer 
50mM Sodium 
Phosphate Buffer 
150mM NaCl 150mM NaCl 150mM NaCl 150mM NaCl 
40mM Imidazole 40mM Imidazole 250mM Imidazole 500mM Imidazole 
0.5mg/ml lysozyme 
(human) 
   
0.01% IGEPAL 
   
 
Table 7a. Composition binding assay buffer, FPLC buffer, and PAGE running buffer 
SPR 1X PBS 1x Native 
Running Buffer 
20mM HEPES 150mM NaCl 25mM Tris 
150mM NaCl 250mM phosphate 
buffer 
192mM Glycine 
1mM EDTA 
  
0.01% Tween 20 
  
5 mM β-
mercaptoethanol 
pH7.6 
 
5M NaCl for salt treat 
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APPENDIX E. AuxRE binding assay targets 
 
 
Target Name Sequence
ER7 5’ CCGGTAGGT TGTCTC CCAAAGG GAGACA ACCGGTAGG 
3’ GGCCATCCA ACAGAG GGTTTCC CTCTGT TGGCCATCC
ER7-GG 5’ CCGGTAGGT TGTCGG CCAAAGG CCGACA ACCGGTAGG 
3’ GGCCATCCA ACAGCC GGTTTCC GGCTGT TGGCCATCC
ER5 5’ CCGGTAGGT TGTCTC CCAGG GAGACA ACCGGTAGG 
3’ GGCCATCCA ACAGAG GGTCC CTCTGT TGGCCATCC
ER7-single motif5’ CCGGTAGGT TGTCAA CCAAAGG GAGACA ACCGGTAGG 
3’ GGCCATCCA ACAGTT GGTTTCC CTCTGT TGGCCATCC
DapSeq 5’ CGGTAGGT TTTACGTTTTTGGCGGGAAAA ACCGGTAG
3’ GCCATCCA AAATGCAAAAACCGCCCTTTT TGGCCATC
DapSeq2 5’ CCGGTAGGT TGGCGG CCAAAGG CCGCCA ACCGGTAGG 
3’ GGCCATCCA ACCGCC GGTTTCC GGCGGT TGGCCATCC
